I. INTRODUCTION
Platelets circulate in the blood and are best known as the chief effector cells of hemostasis, an essential physiological response that is requisite for host defense and repair (451) . Because platelets are small in size compared with other blood cells and are anucleate, physicians and investigators have largely considered them to be simple in structure and function and to have limited, albeit essential, activities. A wealth of information proves this impression of simplicity to be wrong (296) . Furthermore, the structure and functions of platelets are dynamic, and change dramatically when they transition from a circulating quiescent state under basal conditions to one of activation in response to physiological and pathological signals (454) . Recent evidence also indicates that the platelet transcriptome, proteome, and other key phenotypic features change in disease.
Anucleate platelets (2-5 m diameter, 0.5 m thickness, 6 -10 fl volume) (470) are generated by a nucleated parent cell, the megakaryocyte, in a complex process termed thrombopoiesis (191) . An unusual cellular feature of the megakaryocyte is that it is polyploid (191) . Polyploid megakaryocytes and anucleate platelets are unique to mammals (241) . In other animal species, specialized circulating cells involved in hemostasis and blood coagulation are termed "thrombocytes" and have nuclei. Although it has been suggested that mammalian platelets evolved from primitive multitasking defensive cells with tissue-sealing and antimicrobial capacities similar to those of many modern invertebrates (465) , there is no rigorous evidence for this; furthermore, the biologic advantages provided by biogenesis of anucleate platelets from polyploid megakaryocytes are obscure, regardless of how these specializations have evolved (241) .
The process of thrombopoiesis in humans yields ϳ100 billion platelets a day and 1 ϫ 10 12 circulating platelets in healthy adults (451) . There is evidence that the lung is a site of active thrombopoiesis, although the magnitude of the contribution of pulmonary megakaryocytes to total thrombopoiesis remains controversial (468) . The platelet life span in blood is ϳ10 days in humans and 5 days in mice (200) . The platelet life span in clots, thrombi, and in inflamed tissues is unknown. It was previously assumed that functional responses of activated platelets are over within minutes, the time required for traditional platelet responses in physiological hemostasis, but it is now known that some can last for many hours, at least in vitro (369) .
Although their contributions to physiological and pathological hemostasis remain the best known functions of platelets, they have other activities. Among them is a diverse repertoire of inflammatory and immune capabilities (397, 453, 454, 469) . Mounting evidence that platelets are potent and versatile immune and inflammatory effector cells has emerged from recent observations demonstrating that activated platelets are critical links between the hemostatic and immune systems, with the capacity to carry out recognition and signaling functions, transfer biologic information, and orchestrate complex physiological and pathological inflammatory responses in addition to accomplishing specific effector activities (454) .
Platelets, like all circulating blood cells, transit the pulmonary circulation, and they have intimate interactions with the pulmonary vasculature in the healthy and diseased lung (46, 165, 319, 468) . Maxwell Wintrobe, who is commonly recognized as the architect of modern hematology, noted that "Platelets . . . are present in great numbers in the capillaries . . . of the lungs . . . " (477) . There is evidence that mammalian lungs contain an intravascular pool of "marginated" platelets that can be released into the systemic circulation by ventilatory and pharmacological maneuvers, although the lung marginated pool of platelets is much smaller than is the marginated pool of neutrophils (polymorphonuclear leukocytes, PMNs) (363, 468) . It is likely, however, that most platelets pass unimpeded through alveolar capillaries in tidal breathing under physiological conditions because of differences in size of platelets and the vessels (in humans, the mean platelet diameter is ϳ2.25 m; the alveolar capillary diameter is 2-15 m, with a mean of 7.5 m) (468) . In contrast, activated platelets interact with alveolar capillaries, endothelium in larger pulmonary vessels, with other platelets, and with leukocytes in the pulmonary blood in lung and systemic inflammation and injury, initiating or amplifying lung dysfunction and damage (46, 319, 468) .
In this review, we focus on platelets as critical effector cells in pulmonary immune responses and inflammatory lung diseases. We frame these issues in the context of known or emerging activities of platelets in immune and inflammatory responses in other organs and in other physiological and pathological settings. Throughout, we consider "inflammation" (288) to be synonymous with the "immune continuum" (397, 453, 454, 469) . In this conceptual framework, the inflammatory and immune continuum encompasses the traditional innate and adaptive limbs of the immune system, the temporal span from acute to chronic inflammation, and a spectrum with defensive, physiological inflammation at one end of the continuum contrasting with injurious, pathological immune responses at the other. There is evidence that platelets have important activities in each setting. It is likely that megakaryocytes also have immune activities, in addition to their requisite functions in generating new platelets, but there has been little investigation of this possibility.
The pivotal role of platelets as critical effector cells in hemostasis is firmly established in physiology, biology, and medicine. The concept that platelets are equally central effector cells in the immune continuum and in inflammatory responses and diseases has taken longer to gain popular recognition but is now evolving with considerable momentum. There is substantial evidence for this, some of the observations dating back more than four decades (311, 333) . Much of the current evidence is summarized in more than a dozen reviews published in the last 5 years alone. Many of these recent summaries reference earlier articles that also provide relevant information and commentary. We cite current and earlier reviews on platelets as inflammatory cells, and reviews of individual topics in immune responses and infection, liberally to give interested readers access to comprehensive information and the opportunity to consider evolution of the concept that platelets are versatile effector cells with both inflammatory and hemostatic functions.
II. PLATELETS AS HEMOSTATIC CELLS: PRIMARY HEMOSTASIS, THROMBOSIS, AND THE HEMOSTASIS OF INFLAMMATION
Platelets have critical physiological functions in hemostasis and pathophysiological effector activities in thrombosis (89, 451) . Physiological hemostasis is a highly regulated process that seals wounds in injured vessels in a localized fashion by generating clots (platelet-fibrin complexes formed at the sites of vessel injury). Hemostasis also contributes to vessel remodeling after injury and to wound repair (451) . Physiological hemostasis requires activation of platelets in parallel with activation of the biochemical coagulation cascade, together with multiple molecular interactions between these two essential hemostatic components (451) . Traditionally, platelet-dependent events have been termed "primary" hemostasis and formation of a fibrin clot called "secondary" hemostasis (451) . Genetic, acquired, or iatrogenic defects in the coagulation protease cascade or the hemostatic activities of platelets result in bleeding, often severe and life-threatening (324) . Impaired hemostasis in the lung is a potential variable in multiple clinical problems including hemoptysis, a variety of alveolar hemorrhage syndromes, trauma and hemothorax, and bleeding after biopsy, pneumonectomy or lobectomy, or other major surgical procedures.
Thrombosis is usually considered to be a pathological process in which clot formation results from inappropriately triggered, dysregulated, or unregulated hemostasis. Thrombotic disorders have been extensively reviewed (89, 265, 451) . Although thrombosis has traditionally been considered to be clot (thrombus) formation mediated by the pathways of hemostasis, recent studies indicate that some mechanisms that drive pathological thrombosis may not be essential for physiological hemostasis (136, 282) . Thrombosis is a central event in a variety of pulmonary syndromes that range from prothrombotic consequences of hypoxia and altitude exposure to lung involvement in sepsis (10, 444) (FIGURE 1A) . Deep vein thrombosis and pulmonary embolism are extremely common thrombotic problems in clinical medicine (209, 430, 451) that are briefly considered later in this review.
Multiple platelet activities contribute to hemostasis and thrombosis (43, 89, 282, 374, 451) . As a brief overview of traditional hemostatic platelet activities that will be mentioned throughout this discussion, when vessels are damaged, or in pathological conditions such as atherosclerotic plaque rupture, collagens, von Willebrand factor (vWF), and other subendothelial matrix proteins are exposed. Platelets adhere to these proteins using specialized molecular mechanisms that depend in part on local shear forces. The platelet glycoprotein GPlb␣-lX-V complex is critical in these adhesive interactions (8) . In addition, platelets are activated by soluble agonists that are locally released or generated, including thrombin and other mediators that are recognized by G protein-coupled and other classes of receptors on the platelet surface that are linked to intracellular signal transduction pathways (52) . Engagement of these receptors triggers rapid activation-dependent effector functions (FIGURE 2). Platelet activation is amplified by endogenous synthesis of the eicosanoid thromboxane A 2 (TxA 2 ) and by ADP released from intracellular stores.
Key effector responses important in hemostasis that are triggered by activation-dependent signaling pathways in platelets, in addition to TxA 2 synthesis, include morphological alteration ("shape change," spreading), degranulation of soluble and surface factors that mediate or amplify adhesion and have multiple additional functions, and insideout signaling of platelet surface integrins. Integrin ␣ IIb ␤ 3 (GPIIb-IIIa) is expressed at high density on the surface of activated platelets and is the principal platelet receptor for fibrinogen. Inside-out signaling (a term that is used interchangeably with integrin "activation") of ␣ IIb ␤ 3 mediates binding of soluble fibrinogen and consequent formation of stable platelet aggregates in which integrin-bound fibrinogen acts as a molecular bridge between adjacent activated platelets. Activation and aggregation occur within seconds to minutes after vessel injury, depending on the specific activation response. Together with the initial matrix adhesion, activation and aggregation of platelets and subsequent molecular events that strengthen and stabilize platelet accumulation lead to formation of a mass of cells that locally seals the injured vessel (often called a platelet "plug"). Recent experimental observations indicate that platelet activation in clotting blood can be triggered by biomechanical stimulation in addition to soluble biochemical signals, that the basal state of platelet activation ("platelet reactivity") influences their deposition in clots and thrombi, and that in some cases platelet-fibrin clots have an inner core of highly activated platelets and an outer shell of platelets that are more weakly activated and that are recruited by rheological forces (282) . In primary physiological hemostasis, this sequence of events is highly regulated and is limited to the site of injury (52) . In pathological conditions, platelet adhesion, activation, and aggregation can be unregulated and the extent of platelet deposition can contribute to occlusive thrombus formation (89, 265, 374) . In both physiological
Platelets are effector cells in hemostasis, inflammation, and thrombotic and inflammatory syndromes in the lung and other organs. A: an organized thrombus occupying a medium size pulmonary artery in the lung of a patient who died of ARDS secondary to sepsis is shown. Neutrophils and monocytes are embedded in the thrombus. Primary hemostatic activities of platelets contribute to the formation of clots and thrombi, which are also sites of interaction with myeloid leukocytes and of other inflammatory and immune effector activities of platelets (see FIGURE 2) . Pro-inflammatory responses of platelets, and platelet-leukocyte interactions, can be modeled in vitro (B and C). B: a platelet-fibrin complex formed by thrombin-stimulated human platelets incubated in the presence of extracellular fibrinogen in vitro. Interleukin-1␤ protein was detected in the activated platelets (yellow staining) and the fibrin mesh (orange staining) by immunocytochemistry. Green staining indicates actin.
[From Lindemann et al. (249) .] C: aggregates of thrombin-stimulated human platelets and isolated human monocytes that formed in vitro. The dark staining of the monocyte nuclei (arrows) indicates translocation of nuclear factor kappaB (NF-B) from the leukocyte cytoplasm to the nucleus in response to molecular signals from the activated platelets. [From Weyrich et al. (464) .] Signaling of monocytes by activated platelets induces expression of NF-B-dependent chemokines and other inflammatory mediators by the leukocytes (453, 454, 464) . and pathological hemostasis, changes in the plasma membranes of deposited, spread platelets facilitate steps in the biochemical coagulation cascade, amplifying thrombin generation and conversion of fibrinogen to fibrin (43, 451) . Platelets contribute actively to clot evolution and to retraction, a process that may stabilize clots and thrombi (32, 462) . Recent in vitro observations demonstrate that human platelets can synthesize tissue factor, a key procoagulant protein (451) , and B-cell lymphoma-3 (Bcl-3), an intracellular protein that influences fibrin retraction (367, 391, 462, 463) . Platelets also participate in fibrinolysis, a late phase of hemostasis that is required for clot resolution and vessel patency after injury (310, 472) .
Hemostasis and inflammation are intimately related and trigger and amplify one another (95, 119, 357, 448) . As examples, thrombin, the terminal protease in the coagulation cascade that cleaves fibrinogen to fibrin, is a potent proinflammatory agonist (79, 264, 357) , and certain cytokines such as interleukin 1 (IL-1) and tumor necrosis factor-␣ (TNF-␣), which are pleiotropic inflammatory media-tors, stimulate tissue factor synthesis and expression of procoagulant activity by monocytes and endothelial cells (348) . Myeloid leukocytes (neutrophils; monocytes), which are critical innate immune effector cells, are recruited into clots (FIGURE 1) and have multiple prothrombotic activities (117) . These include tissue factor synthesis, synthesis of IL-1␤ and TNF-␣, and, for PMNs, formation of neutrophil extracellular traps (NETs), which are discussed later. These examples provide only a small sample of mechanisms that link hemostasis and inflammation. A variety of other molecular and cellular events mediate their reciprocal activation, amplification, and, in disease, pathological dysregulation (95, 117, 119, 357, 448) . In vivo imaging studies suggest that IL-1 and TNF-␣ may mobilize vWF to the endothelial surface in inflammation, inducing thrombus formation mediated by platelet GPlb␣-lX-V (322) . These tightly linked interactions suggest that hemostasis and inflammation should be considered as components of an integrated system of host response to injury and infection rather than as separate physiological systems, and also suggest evolutionary relationships (255, 465) . The intimate linkage between inflammation and hemostasis has generated new terms, including "thromboinflammation" (34) and "immunothrombosis" (117) . Immunothrombosis is proposed to be a specific physiological component of innate immune defense that mediates capture and destruction of intravascular pathogens in microvessels but that can also become dysregulated and injurious in bloodstream microbial invasion, culminating in the syndromes of sepsis and septic shock (117) . Thromboinflammation and immunothrombosis have also been framed in the context of pathological clotting and inflammatory vasculopathy in atherosclerotic vascular disease and venous thrombosis. In addition, however, coordinate inflammation and hemostasis occurs in a variety of additional pathological settings including experimental and clinical inflammatory lung diseases. For example, deposition of intravascular platelet-fibrin thrombi is a key feature of diffuse alveolar damage, the pathological hallmark of acute respiratory distress syndrome (ARDS) triggered by both noninfectious and infectious insults (289, 440) 
Whether the process is called thromboinflammation, immunothrombosis, or by other designations, platelets are key cellular effectors in linked hemostasis and inflammation in multiple physiological and pathological settings (34, 89, 117, 369, 453, 454) (TABLE 1) . Murine experiments suggest that traditional platelet hemostatic factors such as GPlb␣-lX-V have both local and systemic effects in inflammation, depending on the model (78, 322) . Examples of platelets as effector cells that mediate linked hemostasis and inflammation in the lungs and other organs (FIGURE 2) will be mentioned throughout this review. Existing and evolving "antiplatelet" drugs, which are primarily aimed at preventing or interrupting thrombosis in atherosclerotic vascular disease and other common thrombotic disorders, may interrupt inflammatory activities of platelets in addition to blocking their hemostatic functions (32, 223, 252, 295) .
III. PLATELETS AS IMMUNE AND INFLAMMATORY CELLS
In this section we profile some of the key inflammatory and immune activities of platelets. We also emphasize physiological responses and pathological conditions such as ARDS (FIGURES 1 AND 3) in which inflammatory and immune activities of activated platelets may be key in addition to their hemostatic functions. We include observations made with human platelets and platelets from experimental animals, particularly mice. It should be recognized, however, that human and murine platelets differ in size, circulating number, circulating life span, transcriptome, proteome, and some biologic and immune responses, and that murine models of inflammation and inflammatory and immune diseases often do not precisely recapitulate human conditions that they are developed to reproduce (453) .
A. Platelets in Endothelial Barrier Function, Altered Vascular Permeability, and Lymphatic Vessel Integrity
Altered endothelial barrier function and increased vascular permeability are primary responses in inflammation and merit early consideration in a discussion of platelet functions in this context. Increased vascular permeability is the pathophysiological basis for edema formation in inflammation. Increased permeability edema is a cardinal feature of acute and chronic inflammation-the "tumor" of the four classic diagnostic signs: tumor, rubor, calor, and dolor (349, 453) . In some organs, particularly the lung (FIGURE 3) and the brain, inflammatory edema can be lethal (277, 398) . Platelets influence endothelial barrier function by mechanisms that appear to be distinct from, but interrelated with, those that mediate primary hemostasis and thrombosis. We focus on these issues in this section. In addition, we outline recent evidence that platelets influence lymphangiogenesis, a specialized developmental function with major immune and inflammatory consequences, and that they contribute to lymphatic vascular integrity in inflammation.
There is evidence that platelets are required for maintenance of endothelial barrier integrity under basal conditions and for preservation of an element of endothelial barrier function in inflammation. Paradoxically, however, they also contribute to disruption of endothelial barriers and vascular leak (176, 369, 468) Thrombocytopenia is reported to lead to increased permeability of systemic and pulmonary vessels in several models and to be associated with vascular leak in clinical conditions (176, 468) (FIGURE 4, A AND B) . The lung has been of particular interest in this regard. In vivo models and isolated lung preparations indicate that platelets regulate pulmonary microvascular endothelial barrier function and integrity. In the lung lymph fistula model pioneered by Staub (420) , thrombocytopenia was associated with increased pulmonary vascular permeability to protein based on lung lymph-to-plasma protein ratios in chronically instrumented, spontaneously breathing sheep (253) . The "leak" of protein was reduced by administration of ovine plateletrich plasma. In parallel in vitro experiments, isolated human platelets reduced radiolabeled albumin transfer across cultured bovine endothelial monolayers in a fashion that was dependent on platelet number; isolated human red blood cells (RBCs) did not alter albumin permeability. The results were interpreted as demonstrating that platelets are required for maintenance of basal pulmonary vascular barrier function and that an unidentified paracrine mechanism is involved (253) . In experiments utilizing isolated sheep lungs, perfusion with thrombocytopenic ovine blood resulted in increased lung lymph flow and a decrease in lymph-to-plasma oncotic pressure ratio compared with measurements in lungs perfused with control whole ovine blood. The study was interpreted as indicating that platelets protect against lung edema but, again, a mechanism was not identified (339) . In isolated, perfused rabbit lungs subjected to oxidant injury or ischemia-reperfusion, human platelets reduced lung edema assessed by lung weight and, in some experiments, by alveolar lavage protein concentration (164, 165) . Platelet antioxidant enzymes appeared to preserve lung endothelial barrier integrity in these models, and platelet aggregation and degranulation were not thought to be required based on inhibitor studies (165) . Other observations from experiments with cultured endothelium and isolated lungs (2, 159, 299, 337, 338) provide evidence that platelets are involved in maintenance of basal pulmonary endothelial barrier integrity and are required for preservation of an element of restricted alveolar capillary barrier permeability to protein in inflammatory or injury states (165, 468) In some circumstances, increased vascular barrier permeability without traumatic interruption of endothelial continuity leads to extravascular escape of RBC in addition to leak of protein, water, and solutes. Platelets are critical for preservation of the vascular barrier properties that retard RBC extravasation under basal conditions (312) (FIGURE 4B). The barrier-preserving function of platelets is particularly important in inflammation and appears to be required to prevent or minimize hemorrhage in inflamed lungs and other organs. Thus platelets contribute to inflammationmediated thrombosis (see sect. II), but their deficiency is a cause of inflammation-associated hemorrhage, adding to the complexity of their influences in inflammation and immune syndromes.
Thrombocytopenia is associated with nontraumatic bleeding in infected or inflamed lungs and in other tissues in several experimental models (176) . In a model of lethal bacterial pneumonia and pneumonia-induced sepsis, mice with severe thrombocytopenia hemorrhaged into the lungs but not in distant organs (92) . In mice with lipopolysaccharide (LPS)-induced acute lung injury (ALI), severe thrombocytopenia (Ͻ2.5% of baseline platelet numbers) was associated with alveolar hemorrhage whereas animals with the same degree of thrombocytopenia without LPS-induced lung inflammation did not spontaneously bleed into the lungs even though they had prolonged tail bleed times (144) . A similar pattern was seen in dermal inflammation and central nervous system injury. Alveolar hemorrhage in thrombocytopenic mice with LPS-induced ALI was sufficient to cause anemia and grossly bloody bronchoalveolar lavage (BAL) fluids (144) . In parallel experiments using models of inflammatory dermatitis, mice genetically deficient in vWF, integrin ␣ IIb ␤ 3 , GP Ib␣, GPVI, or diacylglycerol-regulated guanine nucleotide exchange factor 1, each of which mediates, or regulates, platelet adhesion or aggregation, did not bleed to a greater extent than did wild-type controls, suggesting that platelet factors that are key in primary hemostasis (TABLE 1) are not required for vascular barrier preservation in inflammation (144) . In a different study, however, GPVI and CLEC2, which are respectively members of the immunoreceptor tyrosine activation motif (ITAM) and hemITAM families of platelet receptors (351) , and Src-homology leukocyte protein 76 (SLP-76), which is downstream of CLEC2, were required for barrier-preserving activity of platelets in LPS-induced ALI and in immunemediated skin inflammation; in contrast, G protein-coupled receptor signaling was, unexpectedly, not required (44) .
Recently published experiments utilizing GPVI-deficient mice provide additional evidence that GPVI is required for prevention of bleeding into inflamed skin, and that GPVIdependent platelet adhesion, signaling, and secretion are necessary for full vascular stabilization (150) . (Platelet degranulation and secretion are discussed later.) The latter studies (44, 150 ) make a persuasive case for GPVI and CLEC2 as important factors in regulation of vascular barrier integrity and prevention of inflammation-induced hemorrhage by platelets in mice. In additional observations using murine knockouts, other investigators reported triggering receptor expressed on myeloid cells-like (TREM-like) transcript-1 (TLT-1) to also have this function. Mice deficient in TLT-1, an alpha granule protein that is secreted on platelet activation, had increased bleeding when subjected to the localized Schwartzman reaction, a complex model of LPS-and cytokine-induced dermal inflammation (460) . The experiments were interpreted as demonstrating that TLT-1 is an autocrine regulator of platelet aggregation that protects against inflammation-associated hemorrhage and dampens inflammation.
Transfusion of platelets from wild-type mice, in very small numbers in some reports, restores endothelial barrier function and reduces inflammation-associated hemorrhage in A B thrombocytopenic animals or mice deficient in GPVI (44, 92, 144, 150) . These experiments have potential clinical relevance since thrombocytopenia is common in critically ill patients with conditions such as sepsis or ARDS (181) , in which vascular leak is a central feature of the pathophysiology (10, 277) . Decreased platelet counts leading to disrupted alveolar capillary barrier integrity may contribute to alveolar hemorrhage in ARDS, which is frequently observed in histological specimens (278, 289, 440) . Nevertheless, patients are usually not as thrombocytopenic as are mice in which platelet numbers are reduced for experimental purposes. This point should be kept in mind when ex-trapolating findings or mechanisms in animal models to humans with clinical vascular leak syndromes. Furthermore, platelets mediate hemostasis in models of vascular injury or thrombosis in unexpectedly low numbers in mice (304) , and also appear to support endothelial barrier function in similarly low numbers in murine experimental models (144) . This should also be taken into account in extrapolation of experimental results and design of preclinical models.
How do platelets contribute to preservation of endothelial barrier integrity under basal conditions and in inflamma- tion (FIGURE 4, A AND B) ? Experiments examining pulmonary or systemic endothelium in a variety of models raise several possibilities (176, 468) . They include release of soluble molecules that act as signals and stabilizing factors in endothelial barrier maintainance, adhesive or contact-dependent mechanisms that mediate endothelial signaling and preservation of barrier properties, stimulation or enhancement of endothelial cell proliferation, recruitment of endothelial progenitor cells, neutralization or scavenging of agents that disrupt endothelial barrier integrity, and physical obstruction of gaps in the endothelial barrier. The first mechanism has the greatest favor in the field, although others may also be operative depending on the experimental model. In addition, several mechanisms may contribute simultaneously. For example, in a recent study of dermal immune complex-induced inflammation, adherent platelets were reported to seal discrete breaches in the endothelium opened by neutrophils. This physical sealing was supplemented by scavenging of injurious neutrophil elastase, and perhaps by release of platelet barrier-stabilizing factors (150) .
Platelets basally express or synthesize multiple candidate factors that alone or in combination may stabilize endothelial permeability and barrier function in physiological conditions and act to preserve barrier integrity in inflammation (176, 312, 468) . Much of the evidence for this comes from experiments in which intact platelets reduced permeability or preserved barrier properties of cultured pulmonary or systemic endothelial monolayers, or platelet-rich plasma, conditioned supernatants from platelets, platelet lysates, or isolated platelet factors had similar effects (2, 159, 253, 299, 337, 338, 402) . Specific platelet factors that have endothelial barrier enhancing or stabilizing properties include sphingosine-1-phosphate (S1P), angiopoietin-1 (Ang-1), serotonin, epinephrine, adenosine, ATP, and lysophosphatidic acid (176, 468) . Serotonin is reported to have both barrier-stabilizing and barrier-disrupting activities (468) . There may be differential effects in different vascular beds due to variations in expression of serotonin receptors or other factors (268) . In addition to serotonin, S1P and Ang-1 have received substantial recent attention as barrier stabilizers. S1P has been examined extensively and clearly has endothelial barrier-stabilizing activities (328, 468) . Of note, circulating S1P is also a regulator of lymphocyte trafficking (328) . Platelets were originally thought to be the principal source of S1P, which is present in plasma under basal conditions, but RBC and endothelial cells also release S1P (60, 315, 328) . In vitro experiments demonstrated that human platelets and platelet supernatants enhance transmonolayer electrical resistance of cultured human pulmonary artery endothelial cells and that the effect is dependent on a key receptor for S1P, S1P 1 , which was formerly called Edg1 (384) . Engagement of S1P 1 on endothelial cells by S1P in-duces rearrangement of the actin cytoskeleton and Rac-GTPase-dependent formation of VE-cadherin-containing adherens junctions on endothelial plasma membranes (131, 239, 328) . Homophilic VE-cadherin bonds on adjacent endothelial cells are major regulators of adherens junction integrity and endothelial barrier properties (452) (FIGURE 4A). S1P reduces, or reverses, increased pulmonary vascular permeability and blunts alveolar edema in models of ALI and lung inflammation (60, 340, 378, 431) , suggesting that S1P may be a key platelet-derived stabilizing factor for lung endothelium in inflammation as well as under basal conditions (315, 468) .
Ang-1 is also released from platelets (244) and reduces vascular leak (134, 439) . Decreased levels of Ang-1, correlated with platelet numbers and potentially due to thrombocytopenia, were found in blood samples from patients with dengue hemorrhagic fever and dengue shock syndrome, which are clinical conditions in which endothelial barrier function is destabilized (294) . In experimental studies, platelet-rich plasma (PRP), which contains Ang-1, reduced permeability of monolayers of cultured human lung microvascular endothelial cells treated with TNF-␣ and attenuated disruption of VE-cadherin-containing junctional complexes; PRP also inhibited LPS-induced vascular leak in mouse lungs (271) . The barrier-enhancing effect of PRP was abrogated by siRNA knockdown of tunica internal endothelial cell kinase 2 (Tie2), a receptor for Ang-1, and by a soluble inhibitor of Ang-1 interaction with Tie2, suggesting that Ang-1 is a key mediator of barrier stabilization. Platelets were sonicated to release intracellular factors in preparation of the PRP in these experiments (271) , so it is unclear if basal release of platelet-derived Ang-1 contributes to pulmonary endothelial barrier maintenance under physiological conditions.
Although the mediators and molecular mechanisms have not been completely characterized, the experimental evidence outlined above, on balance, supports the concepts that platelets enhance pulmonary and systemic endothelial barrier function and that sufficient numbers of circulating platelets are required for maintenance of basal barrier integrity of alveolar capillaries and other capillary beds and for preservation of an element of endothelial barrier integrity in inflammation in vivo (FIGURE 4, A AND B) . S1P, Ang-1, and PRP have been proposed as adjunct therapies for sepsis-induced vascular leak and increased alveolar capillary permeability in ARDS (240, 271, 315) , based in part on observations of this nature. It's also possible that platelets stabilize barrier properties of alveolar epithelial cells by releasing barrier-promoting factors that are translocated across the alveolar capillary membrane. For example, transforming growth factor-␤ (TGF-␤), which is a platelet ␣-granule constituent (126) , regulates ion and fluid transport by alveolar epithelial cells (128, 342) . Nevertheless, a paradox is that additional experimental evidence indicates that platelets can contribute to increased alveolar-capillary permeability and to accumulation of pulmonary edema fluid in lung inflammation and injury (46, 427, 453, 492) (FIGURE 4C). Thus platelets may be both protectors and disruptors of alveolar-capillary barrier integrity in disease (46, 468) . Similarly, there is evidence that platelets disrupt barrier function of systemic endothelium in pathological vascular inflammation (369) . Demonstration that cationic proteins isolated from human platelets can increase vascular permeability was one of the earliest observations identifying platelets as inflammatory cells (311, 313) .
Experiments utilizing murine models of systemic noninfectious inflammation (442) , acid aspiration (257, 495) , sepsis (149, 495) , hemorrhagic shock-induced ALI (443) , and transfusion-related acute lung injury (TRALI) (257) demonstrate that platelet depletion results in improvement in alveolar barrier function and leak as measured by changes in radiolabeled albumin permeability, BAL total protein, partitioning of labeled dextran, microscopic assessment of interstitial edema, or measurement of extravascular lung water and extravascular plasma equivalents. In some cases the apparent reduction in alveolar capillary leak resulting from platelet depletion was dramatic. In experiments involving systemic vascular beds, platelets were shown to mediate increased vascular permeability in skin and skeletal muscle that was substantial even in mast cell-deficient mice (61) . As noted above, platelets release factors that reduce endothelial permeability and preserve barrier function, but they can also release other factors that have the opposite effect. For example, platelet dense granules (see below) contain histamine, which increases vascular permeability (126) . Histamine-induced vascular leak is a classic manifestation of acute inflammation (268, 288, 349) . Activated platelets also synthesize mediators that increase endothelial permeability, in addition to releasing stored barrier-destabilizing factors (FIGURE 2). In a mouse model of aspirationinduced ALI, platelet-derived TxA 2 was implicated (495) . As a second example, human and mouse platelets synthesize IL-1␤ and export it in solution and in microvesicles (see sect. IIID). IL-1␤ is a central mediator of increased endothelial permeability in inflammation and infection (179, 348, 499) .
The mechanisms that account for barrier-preserving activities of platelets in one condition and barrier disruption in another are unknown (468) . One obvious possibility is cellular activation: experiments outlined above usually suggest that unactivated platelets are involved in preservation of basal barrier integrity and restricted endothelial permeability, and platelets are presumably in an unactivated state as they transit the pulmonary and systemic circulations under basal conditions. In contrast, platelet activation, as occurs in inflammation and thrombosis, is required for release of barrier-disrupting factors such as histamine and for synthesis of TxA 2 and IL-I␤ (454) . Another component appears to be interactions of activated platelets with leukocytes in in-flamed vessels, triggering release or generation of barrierdestabilizing factors by platelet-dependent activation of the leukocytes or by reciprocal signaling (46, 427, 454, 468) (FIGURE 4C). In murine models in which platelet depletion improved indexes of increased alveolar capillary permeability, neutrophil depletion or interruption of platelet-neutrophil interactions also had a similar effect (150, 257, 442, 495) . In an early in vitro model, platelet "release products" amplified neutrophil-mediated injury of cultured endothelial cells; serotonin was implicated as the key platelet factor (42) . In a recent in vivo model of immune complex dermatitis mentioned previously, activated platelets and neutrophils conspired to mediate inflammation-induced hemorrhage via platelet GPVI; remarkably and paradoxically, parallel GPVI-dependent adhesion and signaling were required for vasculoprotective effects of platelets, which sealed breaches in the endothelial barrier and blocked exposure of subendothelial matrix in this model (150) .Thus diverse interactions of platelets and leukocytes can contribute to altered endothelial barrier integrity (468) (FIGURE 4C).
Additional mechanisms may also be involved in endothelial barrier-stabilizing activity of platelets in one condition versus barrier-destabilizing activity in others. Changes in endothelial receptors (for example, desensitization) for ligands that alter barrier properties, concentration-dependent effects of critical ligands, and time-dependent changes in signaling pathways linked to key receptors and receptor subtypes may result in a switch from barrier stabilization to destabilization in complex inflammatory conditions. Responses to S1P provide important examples (315, 328) . While acute administration of S1P or pharmacological SIP 1 agonists to endothelial monolayers in vitro resulted in barrier protection, prolonged exposure eliminated this response suggesting altered S1P-S1P 1 signaling (401) . In parallel, repeated administration of SIP 1 agonists increased vascular leak in bleomycin-induced ALI (401) . S1P and pharmacological S1P 1 agonists have barrier regulatory activates that are highly concentration-dependent in the mouse lung, and can in some cases cause barrier disruption (315, 378) . As additional variables, the "cargo" of platelets, and their synthetic output, may change in inflammation and pulmonary immune responses (468) . There is now considerable evidence that the platelet transcriptome and proteome are altered in disease, resulting from transcriptional "reprogramming" of megakaryocytes and potentially from synthesis of new proteins by activated platelets in the vasculature (see sect. IIID). Thus the profile of barrier-stabilizing versus barrier-disrupting factors present in circulating and locally deposited platelets or the pattern of their synthesized products may be altered in lung or systemic inflammation, a possibility that is under investigation.
Evolving evidence indicates that platelets also have novel activities in regulating lymphangiogenesis and the integrity of lymphatic vessels, in addition to influencing endothelial barrier properties of pulmonary and systemic blood vessels. S1P and Ang-1 stimulate lymphangiogenesis (428) , suggesting the possibility that platelets influence lymphatic development by releasing these mediators. Furthermore, recent studies with genetically modified mice revealed an unexpected mechanism. Binding of CLEC-2 on platelets by podoplanin (PDPN), a ligand on lymphatic endothelial cells (LEC), triggers SLP-76-and SYK-dependent platelet aggregation at dividing zones between embryonic lymphatic vessels and veins (reviewed in Ref. 317 ). This appears to be critical for separation of lymph and blood in murine lymphatic development. Mice deficient in CLEC-2, PDPN, or SLP-76/SYK signaling function had blood-filled lymphatics during fetal development and died shortly after birth due to impaired lymphatic function. Of note, genetically altered mice deficient in CLEC-2 or PDPN also have other complex lung defects (317) . More recent experiments indicate that CLEC-2-dependent platelet activation and integrin ␣ IIb ␤ 3mediated aggregation and clot formation operate with anatomic barriers provided by lymphovenous valves to preserve separation of lymph and blood in adult mice (171) . In additional studies, mice with conditional postnatal deletion of PDPN had impaired integrity of high endothelial venules (HEV), which are specialized vessels in lymph nodes, and spontaneous bleeding in mucosal lymph nodes that appeared to result from lymphocyte trafficking (170) . Mice lacking lymphatic PDPN or platelet CLEC-2 had reduced levels of HEV VE-cadherin. CLEC-2 deficiency was rescued by wild-type platelets, and activation of platelet CLEC-2 resulted in release of S1P, which promoted expression of VE-cadherin. The experiments indicated that local S1P release triggered by PDPN/CLEC-2-mediated platelet activation preserves HEV integrity during immune events and lymphocyte trafficking (170) . Thus S1P stabilizes lymphatic endothelial barrier properties in addition to promoting pulmonary and systemic endothelial barrier integrity in mice.
Lymphatic function critically influences lymphocyte trafficking and complex immune responses such as tolerance (3, 428, 474) . In addition, experimental models demonstrate that lymphangiogenesis is a central response in lung infection and chronic airway inflammation (19, 20, 329) . Therefore, it is possible that platelets influence pulmonary immune function in chronic infection or in airway disease by altering lymphangiogenesis in these settings, although this has not been examined. It is not known, however, if the mechanism involving platelet CLEC-2 and PDPN on LEC operates in the lung, or in mammals besides mice. It is also possible that platelets influence alveolar fluid balance and resolution of pulmonary edema by contributing to lung lymphatic integrity (276, 419) or, in chronic inflammatory conditions, lymphangiogenesis (3) . Against this, platelet depletion did not alter lung lymph flow in a study of LPSchallenged sheep (410) . The degree of thrombocytopenia in these experiments was not profound, however, and the re-sult is somewhat at odds with experiments in the sheep lung lymph fistula model cited earlier (253) . Therefore, the influence of platelets on lung lymphatic function in adult animals remains an open question. A further question is whether the platelet-dependent mechanisms of lymphangiogenesis and maintainance of HEV barrier integrity identified in mice mediate reestablishment of lymphatic drainage and function in transplanted lungs, or other transplanted organs.
B. Platelet Receptors, Signaling Cascades, and Effector Mechanisms: Traditional and Newly Recognized Pathways That Mediate Hemostatic, Inflammatory, and Immune Activities
Platelets have a diverse array of receptors and surface molecules that mediate signaling functions (73) . Receptors, adhesion molecules, and intracellular signaling pathways originally thought to exclusively have hemostatic effector functions are now known to mediate inflammatory and immune events (283, 454 ). An abbreviated list of "traditional" hemostatic receptors and adhesion molecules that also have inflammatory activities is shown in TABLE 1. The signaling cascades that these and other traditional platelet receptors (73) trigger have been reviewed in detail (52) . These classic, long-known hemostatic pathways with newly recognized inflammatory and immune functions (89, 369, 454) are now complemented by platelet pathways and molecular checkpoints that have only recently been discovered. As examples, thrombin-induced PAR signaling in human platelets activates mammalian target of rapamycin (mTOR) (14, 17, 462, 463) , and platelet collagen receptors signal to events mediated by ADP-ribosylation factor 6 (ARF6-GTP) (206, 213, 380) . Thrombin and collagen are also reported to induce intracellular signaling involving nuclear factor kappaB (NF-B) (130, 251, 270) . NF-B is a well-known transcription factor that regulates inflammatory gene expression in nucleated cells (FIGURE 1C) but has noncanonical signaling activities in platelets, as do other intracellular factors originally identified as transcription regulators in cells with nuclei (369, 413) . In addition to identifying new intracellular signaling mechanisms, experimental observations also continue to reveal previously unrecognized effector activities triggered by platelet receptors and adhesion molecules traditionally known for their primary hemostatic functions. As examples, platelet GPIb␣, which is the major ligand-binding glycoprotein of the GPlb␣-IX-V complex (TABLE 1) , is key in molecular systems that recognize intravascular pathogens and present them to dendritic cells and specialized hepatic macrophages in murine models of blood-borne infection (449, 478) . In addition, GPlb␣-IX-V is reported to have systemic immunomodulatory effects in experimental sepsis in mice (78) .
Platelets also have a repertoire of receptors and linked intracellular signaling pathways that have immune recognition, or regulation, as their primary or dominant known function. The remainder of this section focuses on some of these nontraditional signaling systems. Of major topical importance, platelets from humans and other mammals express Toll-like receptors (TLRs) (369, 397, 453) . TLRs are members of a broader family of pattern recognition receptors that trigger immune pathways and responses when they are engaged by exogenous ligands (including microbial pathogen-associated molecular patterns, or PAMPS, and certain pathogen virulence factors) or endogenous agonists (such as danger-associated molecular patterns, or DAMPs; others) (334) . Expression of TLRs is compelling evidence that platelets recognize inflammatory and pathogen-derived signals and are immune effector cells. Megakaryocyte and megakaryocytic cell lines also express TLRs, and there is evidence that megakaryocyte TLR engagement influences thrombopoiesis (25, 73) . Megakaryocytes in the marrow (191) or lung (468) may also respond to TLR engagement with proinflammatory activities, although this possibility has not been extensively explored.
Human and mouse platelets express mRNA, protein, or both for multiple TLRs (25, 73, 133, 396, 453) . New reports of TLRs and TLR-dependent functions in human platelets continue to appear (5, 228) . The majority of studies examining functions of platelet TLRs have focused on TLR4, TLR2, and TLR9 (369) . TLR4 has been most extensively examined, largely by studying platelet responses to its defining ligand, LPS (TABLE 2) . In vivo experiments suggest that LPS activates platelets, although complex interactions of platelets with endothelial cells and leukocytes, which also express TLR4, complicate interpretation of some of these reports. Intravenous or intratracheal challenge of rabbits, rats, or mice with LPS causes thrombocytopenia associated with time-dependent deposition of platelets in the lungs, liver, mesenteric vessels, and other sites (6, 12, 72, 116, 195, 215, 219, 330, 404, 418, 497 ) (FIGURE 5). In some experiments the magnitude of accumulation of platelets was in part dependent on the bacterial origin of the LPS. Platelet deposition in microvessels or incorporation into thrombi in response to LPS was reduced or eliminated in mice with mutations of TLR4 or of a key intracellular component of TLR signal transduction, myeloid differentiation marker 88 (MyD88) (6, 12, 375, 496) . Thrombocytopenia reduced maximal TNF-␣ release in mice injected with LPS, suggesting that platelet TLR4 modulates TNF-␣ production (12) . In a second study, however, adoptive transfer of platelets from wild-type mice (ϳ10% of normal circulating platelet number) did not restore plasma levels of TNF-␣ or IL-1␤ in TLR4-deficient mice challenged with LPS (418). In humans, administration of LPS under controlled conditions caused thrombocytopenia, formation of circulating platelet-monocyte aggregates, and increased CD40 ligand (CD40L) on the plasma membranes of circulating platelets (203, 246, 476) . (Inflammatory and immune significance of platelet-leukocyte aggregates and CD40L are discussed later.) Thus in vivo observations in experimental animals and humans support the notion that platelets have a recognition system for LPS.
After molecular characterization and cloning of TLR4 (30), its expression on human and murine platelets was documented (6, 73, 74, 459) . This provided a molecular explanation for multiple earlier reports of variable responses of platelets to LPS in vitro and evidence supporting the concept that platelets can sense microbial signals (453) . Binding of LPS to platelet TLR4, and variable changes in surface expression of TLR4 in response to platelet activation and storage, were reported (12, 72, 74, 133, 395, 417) . Multiple subsequent experiments examining platelet responses to LPS and TLR4 signaling in vitro have been published, with results that are at times perplexing, provocative, and contradictory (TABLE 2) (369) . In some cases LPS directly induced responses of platelets that require cellular activation, or potentiated activation triggered by thrombin or other traditional agonists (57, 72, 74, 362, 367, 400, 417, 496) .
In others, LPS did not directly trigger classic, rapid activation responses of human or murine platelets (surface translocation of P-selectin, shape change, aggregation) and/or did not enhance activation induced by traditional receptormediated agonists (6, 72, 362, 367, 375) . A current interpretation of these observations, taken together, is that platelet responses to LPS are not stereotyped or as consistent as are responses induced by traditional receptor-mediated pathways, and that LPS-and TLR4-induced activities are highly dependent on the conditions of the experiments. Variables that may influence the "unconventional" (72) or "atypical" (400) activation of platelets by LPS include the bacterial origin and structure of LPS; purity of the platelet preparation; time of stimulation; the presence of plasma factors that facilitate LPS recognition and TLR4 signaling, including CD14 and LPS binding protein (LBP); and whether the platelets are adherent via integrins or are in suspension (212, 369) . As examples of the diversity of putative TLR4-mediated responses of human platelets depending on the experimental conditions, different variants of Escherichia coli LPS and a highly purified LPS preparation, Kdo2-Lipid A, had variable potency as direct agonists for ATP secretion by washed platelets and as potentiators of collagen-induced aggregation of platelets in PRP (496); E. coli LPS induced surface expression of P-selectin on isolated platelets at 30 min (496) or over 1-2.5 h (400), whereas traditional agonists such as thrombin trigger P-selectin translocation from alpha granules within minutes; splicing of IL-1␤ pre-mRNA and posttranscriptional synthesis of IL-1␤ protein by stringently isolated human platelets in albumin-containing buffer were enhanced by supplementation with recombinant CD14 and LBP (57, 400) . (Production of IL-1␤ and posttranscriptional synthetic pathways of platelets are discussed in sect. IIID.) It is currently unclear exactly how the behavior of platelets in response to LPS in vitro relates to LPS-induced deposition of platelets in the lungs (FIGURE 5) and other organs in vivo in experimental animals, or to LPS-induced platelet responses in humans in vivo.
Signals delivered via TLR2 also alter platelet effector functions. TLR2 recognizes multiple microbial ligands including lipopeptides and peptidoglycans from gram positive bacteria, and heterodimerizes with TLR1 and TLR6 (25) . Human and murine platelets express TLR2, and human platelets express TLR1 and TLR6 (369) . Most investigators report that treatment of human platelets with synthetic ligands for TLR2 directly induces activation responses (TA-BLE 2). Human platelets have differential responses to synthetic ligands that are putatively selective for TLR 2/1 and 2/6 (204) . Functional activities reported to be triggered by engagement of platelet TLR2 include inside-out signaling of integrin ␣ IIb ␤ 3 , fibrinogen binding, aggregation, degranulation of alpha granule and dense granule factors, P-selectin translocation, CD40L surface expression, ATP secretion, IL-1␤ pre-mRNA splicing, and formation of platelet-leukocyte aggregates (27, 34, 204, 360, 362, 400) (TABLE 2) .
Triggering of P-selectin translocation and formation of platelet-leukocyte aggregates (see sect. IIIF) via TLR2 likely contributes to inflammatory responses in patients with gram-positive bacteremia (197) . Signaling via TLR2, the TxA 2 receptor (TP), and purinergic receptors (P2X 1 , P2Y 1 , P2Y 12 ) on human platelets appears to occur in concert (204) . In vivo challenge with a bacterium that expresses PAMPs recognized by TLR2 resulted in formation of platelet-neutrophil aggregates in the blood of wild-type but not TLR2-deficient mice (34) . Thromboinflammatory activities of platelets triggered by TLR2 engagement appear to be differentially regulated by intracellular signaling cascades distinct from those activated by traditional hemostatic receptors (34, 360) . Treatment of wild-type mice with a synthetic TLR2 ligand, but not mice genetically deficient in TLR2, increased megakaryocyte maturation and platelet number suggesting, together with in vitro experiments, that TLR2 on megakaryocytes regulates thrombopoiesis in inflammation (25, 26) .
Human and murine platelets also express TLR7 and TLR9 and respond to their engagement with effector functions (TABLE 2) intracellular compartments, primarily endosomes (35) . Nevertheless, there is evidence from several laboratories that TLR9 is displayed on the plasma membranes of resting platelets and is increased upon cellular activation (369) . TLR9 mRNA is expressed by human megakaryocytes and upregulated in proplatelet production (437) . Synthetic oligodeoxynucleotide (ODN) ligands for TLR9 increased TLR9 surface display, induced intracellular sequestration of ODNs, and triggered P-selectin translocation by human platelets in vitro (437) . Pretreatment of platelets with type IV collagen to induce TLR9 surface expression enhanced ODN-stimulated P-selectin translocation and sequestration of ODN. Together, the experiments indicate that platelets respond to ODNs via TLR9 and that they have a putative system for microbial ODN uptake. Platelet TLR9 is also reported to recognize endogenous DAMPs that may be important in vascular inflammation. Synthetic (-carboxy-alkyl) pyrrole protein adducts, which are intended to mimic modified proteins generated in atherosclerosis and oxidant vascular injury, triggered TLR9-dependent platelet aggregation, degranulation, and, in mice, in vivo thrombosis (335) . In contrast to TLR9, platelet TLR7 appears to have more parochial functions and to dominantly signal to immune pathways without dramatically influencing hemostasis or thrombosis. A synthetic ligand for TLR7 triggered formation of human and murine platelet-leukocyte aggregates and induced responses that are requisite for survival of experimental viral infection in mice (228) (TABLE 2) . Thus the TLR repertoire on platelets is diverse and complex both in terms of individual TLRs that are represented and effector responses that they are linked to.
The intracellular signaling pathways that link platelet TLRs to effector functions have not been completely dissected. Nevertheless, platelets express MyD88 (29, 335, 496) , which mediates downstream signaling by most TLRs. Distal intermediates in the canonical MyD88 pathway (334), including TIR domain-containing adaptor protein, IL-1Rassociated kinase 1, IL-1R-associated kinase 4, and TNFRassociated factor 6, are also reported to be present in platelets based on direct or indirect detection methods (29, 57, 369) . Additional intracellular signaling activities have also been reported when platelets are stimulated with ligands for TLR2 or TLR4 (360, 362, 496) . Mechanisms that integrate signals and control platelet responses when more than one TLR is engaged or when TLRs and traditional receptors are ligated in parallel or in sequence (FIGURE 2), as likely occurs in complex pathophysiological settings such as pneumonia, ARDS, or sepsis, have not been dissected.
Platelets express diverse receptors with the potential for immune signaling in addition to TLRs. Two laboratories have reported that human platelets express functional IL-1 receptor type 1 (IL-1R1) (24, 58) . IL-1R1 was also detected on a human megakaryocyte cell line (24) , and functional experiments indicated that IL-1R1 is expressed by cultured murine fetal liver megakaryocytes (321) . IL-1R1 recognizes both IL-1␣ and IL-1␤ (47) . IL-1␤ is reported to regulate megakaryocyte maturation (24) and IL-1␣ to regulate thrombopoiesis via a novel mechanism (321) . IL-1␤ signaling amplifies agonist-induced aggregation and adhesion by human platelets (24) and enhances responses to TLR4 engagement via a unique autocrine loop involving endogenous IL-1␤ (58) . In other cell types, IL-1R1 activates an intracellular signal transduction pathway similar to that of many TLRs and that includes MyD88 and other common intermediates (47) . Presumably, this pathway also operates in platelets and megakaryocytes.
Of the multiple classes of platelet receptors and signaling pathways (73), a group sometimes termed immunoreceptors (214) has particular relevance to this discussion. Immunoreceptors are characterized by structural sequences known as immunoreceptor tyrosine-based activation motifs (ITAMs), hemITAMs, and immunoreceptor tyrosine-based inhibitory motifs (ITIMs) (214, 351) . The subset of ITAMcoupled or hemITAM-containing receptors on human platelets includes GPVI, CLEC-2, GPlb-lX-V, and Fc receptors (Fc␥RIIa, Fc␣RI, and FcRI) (73, 351) . Murine platelets express many of the immunoreceptors found on human platelets, but do not express Fc␥RIIa (214) . GPVI has already been introduced, in part because of its parallel hemostatic and inflammatory signaling capacities (TABLE 1) and intricate activities in endothelial barrier integrity (44, 150) , as has CLEC-2 and its unexpected roles in platelet contributions to lymphangiogenesis and lymphatic barrier function (see sect. IIIA). Each receptor has additional activities and signaling mechanisms relevant to inflammatory and immune functions of platelets (351, 453) , and will be mentioned again. Platelet Fc receptors recognize immunoglobulins and immune complexes, providing direct mechanisms for immune interaction, signaling, and effector activities (214, 453) . In early studies, responses of human platelets to immune complexes and aggregates of IgG were enhanced by LPS, indicating convergence of immune signaling pathways in these cells and providing early evidence for Fc receptor signaling and for an LPS receptor, now known to be TLR4, on platelets (141 (498) . Platelet ITIM-coupled receptors include TLT-1, mentioned earlier, and platelet-endothelial cell adhesion molecule-1 (PECAM-1) (214). PECAM-1 has intricate functions, including positive modification of integrin activity on activated platelets and inhibitory modulation of responses of platelets activated via ITAM-mediated signaling (318) .
Small C-type lectin receptors are widely distributed on immune effector cells (73) . Dendritic cell-specific intracellular adhesion molecule-3 grabbing nonintegrin (DC-SIGN) is a small C-type lectin receptor that has been shown to mediate interactions of human platelets with viruses, including recognition of human immunodeficiencty virus (HIV) and dengue virus (73, 180, 406) . Recent observations demonstrate that dengue activates inflammasome assembly and function in human platelets via DC-SIGN and that DC-SIGN is a route of entry of the virus into platelets, as will be discussed below. Thus DC-SIGN is particularly instructive in this overview of selected platelet receptors since it mediates previously unrecognized pathogen recognition, signaling, and inflammatory effector functions of these cells.
C. Degranulation, Secretion, Release, and Microparticle Formation by Activated Platelets
Activated platelets have diverse mechanisms of intercellular communication and deliver signals to a variety of target cells including other platelets. These cell-cell signaling capacities initiate and amplify responses in hemostasis, inflammation, and injury (453, 469) . Rapid secretion of soluble factors with paracrine or, in some cases, autocrine or endocrine activities is the best known of these communication mechanisms and is a traditional platelet functional response (FIGURE 2). Activated platelets also translocate granule factors that are anchored in, or to, the plasma membrane and can mediate spatially restricted juxtacrine signaling without being released from the cell surface (453) . P-selectin, which delivers signals to target monocytes, neutrophils, and other leukocytes in addition to mediating adhesion, is a prime example. Thus secretion of soluble factors, or their release by other mechanisms, is not the only mode of intercellular communication by activated platelets (454, 469) .
As with other traditional responses, platelet secretion was originally characterized in the context of its contributions to hemostasis and thrombosis, and is extremely important in this regard (126) . Nevertheless, factors released by platelets also mediate important inflammatory and immune responses (126, 454, 469) (TABLE 3) . The platelet secretome contains a remarkable number of soluble factors, many of which are preformed and stored in subcellular compartments and storage units, including alpha granules (␣-granules), dense granules, and lysosomes (126) . Novel or atypical storage compartments in human platelets have also recently been reported (231, 437) .
The secretome of ␣-granules has been extensively examined and contains more than 300 factors when evaluated by proteomic analysis, including coagulation modifiers, adhesion molecules with multiple functions (fibrinogen, vWF, thrombospondin), growth factors, angiogenic factors and inhibitors, multiple chemokines of the CXC and CC classes, antimicrobial factors, and immune effector molecules and modulators (126) . Proteins in ␣-granules are synthesized under transcriptional control by megakaryocytes, or are internalized by megakaryocytes or platelets in some cases. Unique subsets of ␣-granules may subserve specific functions (341, 397) . Two key ␣-granule proteins, platelet factor 4 (PF4; CXCL4) and ␤-thromboglobulin (␤Tbg), were the first members of the CXC chemokine family to be identified; PF4 is a marker for megakaryocytes and platelets and has multiple prothrombotic, proinflammatory, and antimimicrobial activities (51, 454) . ␤Tbg and related chemokines, including neutrophil activating peptide 2 (NAP-2; CXCL7), are cleavage products of a parent precursor, platelet basic protein. PF4, ␤Tbg, and NAP-2 have differential and overlapping biologic activities (51) . ␤Tbg and NAP-2 have been found in BAL samples from patients with ARDS (75, 186) .
Regulated upon activation, normal T cell expressed presumed secreted (RANTES; CCL5), a CC chemokine with pleiotropic immune functions, is also a key ␣-granule protein (454) . Heterophilic interaction of PF4 and RANTES promotes monocyte arrest on endothelial cells in in vitro experiments, suggesting an intricate monocyte targeting mechanism (456) . More recently, PF4 and RANTES were reported to form heterodimers in LPS-induced ALI in mice. Antibodies against the chemokines, or a peptide that inhibits their heterodimerization, reduced lung neutrophil accumulation and alveolar capillary protein leak (149) . The inhibitory peptide also reduced indexes of inflammatory lung injury in acid-induced ALI and the cecal ligation and puncture (CLP) model of sepsis (149) . Thus there is evidence for contributions of PF4 and RANTES, which are prototype platelet ␣-granule chemokines, to acute lung inflammation and injury. In addition, platelets release several other chemokines (121, 424, 454) that may mediate pulmonary inflammatory responses. Additional ␣-granule constituents with proinflammatory functions also have this potential (126) (TABLE 3) .
CD40 ligand (CD40L; CD154) is rapidly translocated to the plasma membrane upon platelet activation and is reported to be present in ␣-granules (65, 73, 205) , although diffuse cytoplasmic staining was observed in an earlier study (168) . Expression of CD40L by megakaryocytes is regulated by nuclear factor of activated T cells (NFAT) in cooperation with early growth response-1 (EGR-1) (82). CD40L is released from the surfaces of activated platelets in a time-dependent fashion by a process that is not completely defined, and is found as a trimer in plasma and in higher concentrations in serum (73, 97) . There is evidence that CD40L can engage its signaling partner, CD40, on target cells while it is anchored on the platelet membrane or is in the cleaved, soluble form in solution (73, 166, 454) . Thus it can mediate both juxtacrine and paracrine signaling, and the magnitude of CD40L-dependent signaling by activated platelets may not be directly related to its concentration in blood. Human platelets also constitutively express CD40, which triggers their activation when engaged by CD40L and may also have regulatory functions (167, 188) . CD40L from platelets has major immunomodulatory activities (36, 97, 111, 454) and is implicated in septic acute lung inflammation (359) . Examples of immune signaling by platelet CD40L are considered in later sections; here, we profile it to illustrate complex facets of surface translocation, shedding, and export of a platelet factor with key immune activities. Surface translocation of a dense granule protein, CD63, is a marker of platelet activation (73, 294) . Platelet dense granules also contain histamine, serotonin, polyphosphates, nucleotides (ADP, ATP), glycosidases, and phosphatases (126) . Histamine has multiple activities in allergic and inflammatory responses including direct actions on endothelial cells that induce increased permeability (see sect. IIIA) and neutrophil adhesion (260, 285, 288, 349) . As outlined previously, serotonin has complex effects on endothelial barrier properties (468) , and also has immunomodulatory activities (454) . Polyphosphates are proinflammatory and prothrombotic and can induce multistep generation of bradykinin (307, 408) , a classic mediator of inflammation that triggers vascular leak and endothelial generation of platelet activating factor (PAF) and prostacyclin (PGI 2 ) (285) . ATP also stimulates endothelial synthesis of PAF (285) , which is a potent phospholipid inflammatory autacoid (354) that induces lung inflammation, increased pulmonary capillary permeability, and systemic inflammatory responses (60, 490) . Given these and other activities of platelet dense granule constituents, degranulation from this compartment could directly or indirectly mediate disruption of alveolarcapillary barrier integrity and induce inflammation in a variety of pulmonary syndromes. Dense granule release has not been specifically explored in this context, however. Similarily, release of factors from platelet lysosomes, which store proteolytic enzymes (elastase, cathepsin G, others) and glucosidases that could attack alveolar structures, has not been examined in lung inflammation and immune syndromes in a focused way.
In addition to releasing soluble molecules from granular compartments, activated platelets release membrane-encapsulated microparticles (192, 320 ) (FIGURES 2 AND 6).
Other immune and inflammatory cells also release microparticles (303) . In vitro studies indicate that microparticles (sometimes termed microvesicles) are budded from the plasma membrane and that activated platelets also release smaller microvesicular exosomes, which are stored in ␣-granules and released on degranulation (320) . Platelet microparticles transport membrane-associated signaling and adhesion molecules and represent a specialized mechanism of intravascular and extravascular cell-cell communication (320, 369, 453) . Platelet signaling factors translocated on microparticles include CD40L (414), RANTES (280), IL-1␤ and IL-1␣ (37, 57, 179, 249) , tissue factor (391), and others (192) . Platelet microparticles mediate complex immune signaling functions, outside of the spectrum of traditional intravascular activities of platelets. As an example, microparticles from activated platelets were translocated to the synovial space in mice, inducing chemokine synthesis and inflammation in experimental arthritis (37) . Additional examples will be mentioned in later sections. Procoagulant microparticles were found in the alveoli of patients with ARDS (22), but their cellular origin(s) were not identified. Megakaryocytes also shed microparticles based on in vitro experiments (192, 320) . Therefore, lung megakaryocytes (468) , in addition to platelets, could be sources of alveolar or systemic microparticles in inflammation and thrombosis.
D. Synthetic Mechanisms of Activated Platelets: Traditional and Newly Identified Pathways
Synthesis of TxA 2 is a traditional, "signature" response of activated platelets that is central in hemostasis and thrombosis (89) (FIGURE 2). TxA 2 also has inflammatory and immune activities beyond its known hemostatic functions (300, 434, 454) , and it is possible that TxA 2 from platelets drives specific pulmonary immune functions. Activated platelets also synthesize PAF (FIGURE 2), another bioactive lipid with diverse inflammatory activities in the lungs and other organs (354) , although it can be difficult to detect its production by activated human platelets without disabling acetylhydrolases that degrade it (127, 331) . In addition, activated platelets generate reactive oxygen species (ROS), which have a variety of effector functions (34, 89) . In each case, synthesis of these non-protein products is rapidly induced and is catalyzed by enzymes that are present in the platelet when it separates from the megakaryocyte.
In addition to these mechanisms for synthesis of lipid autacoids and oxygen metabolites, recent evidence demonstrates that activated human and murine platelets have posttranscriptional pathways for stimulated synthesis of proteins and peptides. These newly identified synthetic activities were unanticipated because the platelet is anucleate. We termed the general process of synthesis of proteins from endogenous mRNAs by activated platelets signal-dependent translation (463) . Signal-dependent translation allows activated platelets to rapidly generate biologically relevant proteins from constitutive or newly spliced mRNAs (see below) and is induced by signals delivered via G proteincoupled receptors with traditional hemostatic functions (PAR1, others), integrin ␣ IIb ␤ 3 , TLRs, and immunoreceptors (369, 453) . Thus it differs from the low-level basal protein synthesis in platelets that has been recognized for several decades (387, 467) . Protein synthesis by platelets was largely dismissed as having little or no biologic importance until recently, but it is now known that new protein synthesis changes the platelet proteome in functionally significant ways (407) .
In addition to required translation "machinery," human and mouse platelets express an unexpectedly rich transcriptome of mRNAs, unspliced pre-mRNAs, and mi-croRNAs. Intracellular signaling pathways link surface receptor engagement to mRNA translation and, in some cases, to splicing of specific pre-mRNAs to translatable mRNA transcripts. In several cases these signal transduction cascades include key molecular components that were not known to be present in platelets until recently. Examples include Cdc2-like kinase1 (Clk1; important in pre-mRNA splicing) and mammalian target of rapamycin (mTOR, which controls translation of a subset of specific mRNA transcripts). Protein products reported to be synthesized by signal-dependent translation in activated human platelets include Bcl-3, IL-I␤, plasminogen activator inhibitor-1 (PAI-1), tissue factor (TF), cyclooxygenases (COX) 1 and 2, the SVCT transporter, and tissue inhibitor of metalloprotenase-2 (TIMP2) (407) . Each of these proteins has important biologic functions relevant to hemostasis, thrombosis, and inflammation and is not simply a "housekeeping" gene product. Although platelets do not synthesize proteins in the same quantities as do other cell types such as monocytes on a per-cell basis, many platelets accumulate in thromboinflammatory conditions and therefore they can be a significant source of new protein products. Furthermore, as noted earlier, signal-dependent translation can occur rapidly, since the time required for transcription is eliminated, and protein synthesis by activated platelets can be prolonged, based on in vitro studies. We have previously reviewed in detail features of the platelet transcriptome, signal-dependent mRNA translation, and protein synthesis by platelets that are outlined in this brief overview (369, 373, 388, 407, 453, 454, 467, 501) . In the remainder of this section we will illustrate posttranscriptional synthesis of proteins by activated platelets using IL-1␤, a gene product that has been called the gate keeper of inflammation (102) and that contributes to lung and systemic inflammatory diseases (47, 102) , as a specific case. Synthesis of IL-1␤ was the first example of pre-mRNA splicing and linked translation of the mature mRNA, an intricate variation on the general process of signal-dependent translation, to be identified in activated human platelets.
IL-1 was reported to be present in activated platelets over 25 years ago (160, 161) . Both IL-1␣ and IL-1␤ have been detected in studies involving human or mouse platelets (1, 37, 57, 58, 160, 161, 179, 249, 393, 400, 438) . In the original report, IL-1␤ appeared to be dominant (161) . IL-1␣ and IL-1␤ are the products of separate genes but are both recognized by IL-1R1, mentioned previously, and are inhibited by a naturally occurring soluble competitive receptor antagonist (IL-1Ra) (47) that is commonly used as a reagent to block IL-1 activity in experimental studies and that has been developed as a therapeutic (102) . IL-1␤ has been detected in inflammatory exudates and tissue samples from humans with a variety of inflammatory and immune syndromes and is thought to mediate paracrine signaling, whereas IL-1␣ may principally act as an autocrine factor (47) . Platelets, in addition to releasing biogically active IL-1 into solution, mediate juxtacrine intercellular signaling using surface-associated IL-1␤ (211) and by releasing it associated with microparticles (37, 57, 179, 249) . Responses mediated by platelet-derived IL-1 include proinflammatory activation of endothelial cells (57, 135, 161, 249) , increased endothelial permeability (179) (see below), smooth muscle cell activation (259) , proliferation of a T lymphocyte cell line (161) , autocrine signaling of platelets activated via TLR4 (58), synoviocyte activation and intra-articular IL-8 release in vivo (37) , and immune signaling in experimental malaria (1) . Extracellular IL-1␤ has been detected in platelet-fibrin complexes formed in vitro (249) (FIGURE 1B) and in murine thrombi in vivo (58) , suggesting that clots are reservoirs for this cytokine in thromboinflammatory disorders (369) . Increased IL-1␤ has been detected in platelets, platelet microparticles, or platelet supernates from patients with dengue (179) (see below) and sickle cell disease (90) .
Some research articles and reviews indicate that platelets store IL-1␣ and IL-1␤ in ␣-granules or dense bodies (403, 409) , in keeping with the traditional capacity of these cells to store and release multiple pre-formed signaling molecules and mediators (126) (TABLE 3) . Nevertheless, we did not find mature IL-1␤ or its precursor, pro-IL-1␤, in resting human platelets by ELISA or immunocytochemistry. We did, however, detect cell and microparticle-associated IL-1␤ protein and activity when human platelets were stimulated with thrombin, PAF, ADP, or collagen (96, 249) . This pattern was similar to that reported in earlier studies (160, 161) . Blocking integrin ␣ IIb ␤ 3 reduced maximal accumulation of IL-1␤ in model platelet-fibrin clots, indicating that engagement of integrin ␣ IIb ␤ 3 transmits outside-in signals that amplify this response (249) . Consistent with this, we also found that outside-in signals via integrin ␣ IIb ␤ 3 induce and regulate signal-dependent translation pathways in human platelets (332, 463) and that platelet integrins regulate intracellular distribution of a key translation factor, eukaryotic initiation factor 4E, and its association with mRNA cap structures (250) .
Further exploration of the molecular events that govern accumulation and release of IL-1␤ by activated platelets revealed an unexpectedly complex posttranscriptional pathway for signal-dependent synthesis of the cytokine (96) . The transcriptome of resting human platelets includes the unspliced, intron-containing pre-mRNA that encodes pro-IL-1␤, as demonstrated by conventional sequencing and in situ polymerase chain reaction (PCR) detection (96) and, more recently, by next generation RNA sequencing (373) . In contrast, most of the trancripts in the human and mouse platelets are mature, fully processed mRNAs, although additional unspliced messages are also present (372, 373, 388, 391) . In response to activating signals, the IL-1␤ pre-mRNA is spliced to the mature, translatable mRNA (FIGURE 6) by the activity of a spliceosomal complex that, like the IL-1␤ pre-mRNA, is distributed to platelets by parent megakaryocytes during proplatelet formation, based on in vitro human cell modeling (96) . Loss of the pre-IL-1␤ transcript and accumulation of mature IL-1␤ mRNA were demonstrated by in situ PCR in platelets stimulated by thrombin while adherent to immobilized fibrinogen (96) . This observation is consistent with absence of IL-1␤ mRNA in unclotted whole blood and its accumulation when the blood clots (297), although the IL-1␤ message is also generated by new transcription and processing in nucleated blood cells such as monocytes under these conditions. In addition to splicing induced by the G proteincoupled receptors that recognize thrombin and other agonists mentioned above, TLR4 (57, 400), TLR2 (400), Fc␣RI (356) , and DC-SIGN (see below) transmit signals that trigger splicing of pre-IL-1␤, translation of the mature transcript, and generation of IL-1␤ protein. Autocrine signaling mediated by newly synthesized IL-1␤ and IL-1R1 amplifies TLR4-mediated platelet activation and splicing induced by LPS (58) . LPS was a more potent agonist for pre-IL-1␤ splicing than thrombin (400), but these experiments were done in the absence of fibrinogen or fibrin, which would be predicted to influence the relative synthetic outputs because of engagement of integrin ␣ IIb ␤ 3 (see above).
A kinase not previously known to be present in platelets, Clk1, links engagement of surface receptors to activation of the splicing pathway. This was originally discovered in studies of splicing of the pre-mRNA that encodes TF. Pre-TF, like pre-IL-1␤, is present in resting human platelets and spliced to the mature transcript in response to cellular activation in a process that requires Clk1 (367, 391, 454) . A requirement for Clk1 activity for splicing of pre-IL-1␤ was subsequently demonstrated (57) . Clk1 phosphorylates key spliceosome components, and its inhibition interrupts the platelet splicing pathway (57, 391) . The presence of pre-mRNAs and a spliceosome-mediated mechanism of pre-mRNA processing in activated platelets was unanticipated and had not previously been identified outside of the confines of mammalian cell nuclei (96, 291) . Nevertheless, splicing of pre-mRNAs by activated platelets has now been observed in additional studies (57, 139, 356, 400) and appears to be a unique posttranscriptional specialization of these anucleate cells.
Translation of the mature, spliced IL-1␤ mRNA yields the pro-IL-1␤ precursor protein (ϳ31 kDa), which must be truncated to yield the smaller (ϳ17 kDa), biologically active cytokine (FIGURE 6). A mechanism for processing pro-IL-1␤ was implied by detection of mature IL-1␤ in platelets activated in vitro, in their supernatants and microparticles, and in platelets from patients (see above). Accumulation and release of mature IL-1␤ by activated human platelets occurs over a 1-18 h time course in vitro, depending on agonist and conditions (57, 249) . In other cell types, processing of pro-IL-1␤ to mature IL-1␤ is accomplished by inflammasomes, which are unique cytosolic multiprotein complexes that mediate capase-1-catalyzed inflammatory responses (94) . Inhibition of capase-1 blocked LPS-stimulated accumulation of mature IL-1␤ in isolated human platelets (57) . The presence of a functional platelet inflammasome, suggested by these and other earlier preliminary observations (453) , was recently demonstrated. Dengue virus (DENV), which causes clinical thrombocytopenia, vascular leak and shock syndromes, and is a rare cause of alveolar hemorrhage (405) , induces synthesis and secretion of IL-1␤ and shedding of IL-1␤-rich platelet microparticles (179) (FIG-URE 6 ). DENV is recognized by DC-SIGN on human platelets (180, 406) (see sect. IIIB). Components of the nucleotide binding domain leucine-rich repeat containing protein 3 (NLRP3) inflammasome (94) were detected in resting human platelets, and the NLRP3 complex was observed in platelets incubated with DENV in vitro and in platelets from patients infected with dengue (179) . In vitro, DENV induced inflammasome activity by a mech-anism involving RIP-1/RIP-3 kinases and mitochondrial ROS, resulting in caspase-1-dependent release of soluble and microparticle-associated IL-1␤. Microparticles released from DENV-activated platelets induced increased permeability of cultured human microvascular endothelial monolayers that was blocked by IL-IRa (179) . The latter findings establish a new mechanism by which dengue infection can induce increased vascular permeability and leak, which are important clinical complications (294, 405) . Together, these experiments demonstrated functional inflammasome activity in stimulated human platelets for the first time, broadening the repertoire of molecular mechanisms for immune response in platelets. In other cell types, inflammasome activity is required for cleavage of pro-IL-18 and generation of mature, biologically active IL-18, in addition to production of processed IL-1␤ (94) . In preliminary analysis, IL-18 mRNA is present in the human platelet transcriptome, suggesting that pro-IL-18 and IL-18 may be produced by these cells under some conditions (unpublished data).
Platelet interactions with DENV reveal additional novel and important facets of the capacity for translation and protein synthesis by these cells. After binding to DC-SIGN in vitro, which requires heparin sulfate proteoglycan and is enhanced by thrombin, DENV is internalized by platelets and replicates (406) . Viral proteins are then synthesized using the platelet translation machinery and viral RNA as the template. This process, which is blocked by inhibition of platelet protein synthesis, generates complete, infective virus (406) . Among the newly synthesized viral proteins is nonstructural protein 1 (NS1), which is present in the blood of patients with clinical dengue and is highly immunogenic (406) . Thus "pirating" of platelet translation and protein processing mechanisms by DV may contribute to critical host immune responses to the virus (368, 406) .
E. Platelet-Endothelial Cell Interactions
The intricate and important influences of platelets on endothelial barrier function and permeability (FIGURE 4) were discussed in detail in an earlier section (sect. IIIA). Additional platelet-endothelial cell interactions are also important in physiological conditions, and in pathological inflammation. From the vessel wall side of the equation, endothelial cells release potent factors that inhibit platelet activation and aggregation, including prostacyclin (PGI 2 ) and nitric oxide (NO), and express a surface ectonucleosidase, NTPDase-1 (CD39), that hydrolyzes ADP released from dense granules and prevents it from amplifying platelet responses (23, 89) . Platelets amplify local PGI 2 synthesis by transferring prostaglandin endoperoxides to endothelium (273, 383) .
Endothelial PGI 2 , NO, and ectonucleosidases prevent platelet adhesion to endothelial cells under physiological condi-tions (23) . Nevertheless, there is evidence that platelet adhesion to endothelium occurs in inflammation and in vascular injury even when the endothelium remains intact, perhaps in part because of alteration or impairment in basal inhibitory mechanisms (66) . ␤Tbg released from activated platelets is reported to impair release of PGI 2 from endothelial cells, potentially favoring adhesion of platelets, and ␤Tbg and PF4 together appear to inhibit local antithrombotic mechanism (51) . Platelets adhere to virally transformed endothelial cells in vitro, in part by mechanisms that are apparently independent of altered PGI release (83) . Early in vitro studies indicated that thrombin-stimulated platelets adhere to cultured human umbilical vein endothelial cells (86) and that ovine platelets adhere to activated pulmonary artery endothelial monolayers (210) . More recent experiments provide evidence for binding of integrin ␣ IIb ␤ 3 on activated platelets to endothelial intercellular adhesion molecule 1 (ICAM-1) and integrin ␣ v ␤ 3 (40) , and for interaction of GPlb-IX-V on platelets with P-selectin and vWF translocated to the surfaces of activated endothelial cells and/or with other endothelial ligands (7, 40, 66, 322, 364) . (FIGURE 7) , resulting in endothelial expression of adhesion molecules, chemokines, and other mediators that induce or amplify inflammatory events. As an example, activated platelets induced degranulation of Weibel-Palade bodies and translocation of P-selectin to the surfaces of endothelial cells in mice, resulting in P-selectin-dependent leukocyte rolling (104) . In in vitro experiments, platelet-derived IL-1␤ (see sect. IIID) triggered increased expression of ICAM-1 and vascular endothelial cell adhesion molecule 1 (VCAM-1) by cultured endothelium (57, 135, 160) . Platelet IL-1␤ also stimulated release of IL-6, granulocyte macrophage colony stimulating factor (GM-CSF), IL-8, and monocyte chemotactic protein 1 (MCP) by cultured human endothelial cells (135, 160, 211) . Consistent with these responses, IL-1␤ synthesized and exported by activated platelets induced cultured human endothelium to become adhesive for neutrophils (249) , which is dependent on surface display of adhesion molecules and generation of chemokines and other signaling factors by endothelial cells (349) . In other observations, platelet CD40L induced expression of E-selectin, ICAM-1, and VCAM-1 and release of IL-8 and MCP-1 by cultured human endothelial cells (166) , indicating that activated platelets deliver additional signals for endothelial inflammatory responses. More recently, platelets were reported to induce lung endothelial TF expression in a murine model of acid-induced ALI (115) .
Activated platelets transmit signals to endothelial cells in injury and inflammation
Several studies indicate that platelets can transfer cytosolic mRNAs and microRNAs to endothelial cells or endothelial cell lines in vitro (140, 234, 361) . In each case there was evidence for transfer of RNAs in platelet microparticles, and each included evidence for functionality of transferred transcripts. Transfer of argonaute 2 (Ago2)-microRNA complexes with the ability to regulate expression of a reporter gene in endothelial cells was also reported (234) . These observations suggest possibilities for complex regulation of endothelial gene expression and phenotype in physiological and inflammatory conditions resulting from transfer of platelet transcripts, made more intricate by the fact that the platelet 1B ) and intercellular signaling. Platelet aggregation occurs in hemostasis, thrombosis, and inflammation. Platelets and platelet aggregates adhere to and signal endothelial cells in these conditions based on experimental observations. Activated platelets also adhere to leukocytes, forming mixed cell aggregates ("heterotypic aggregates") that can be retrieved from the blood and detected in vessels and at extravascular sites by histology and intravital microscopy. Platelet-leukocyte aggregates are vehicles for complex signaling and synthesis of inflammatory and hemostatic mediators (see FIGURE 1C ). Microvessels in the lung are sites of platelet-leukocyte aggregate formation and accumulation of platelets and platelet-leukocyte aggregates based on intravital microscopic observations in experimental animals (see FIGURE 5 ). This may also be an important mechanism in clinical acute lung injury and ARDS. Platelets also interact with leukocytes in clots and thrombi (see FIGURE 1A) . B: activated platelets signal and form aggregates with multiple leukocyte types, including neutrophils (PMNs), eosinophils, monocytes, and lymphocyte subclasses. This is one of several mechanisms that enable platelets to act across the immune continuum, mediate events in the innate and adaptive limbs of the immune system, and link hemostasis and inflammation. C: activated platelets also interact with macrophages (not shown) and dendritic cells, which have multiple regulatory activities in innate and adaptive immune function. Platelets influence dendritic cell differentiation, maturation, and interaction with T-and B-lymphocytes and interact with dendritic cell subsets in the blood. RNA and microRNA profiles are altered in disease (140, 388) .
F. Platelet-Leukocyte Interactions
Activated platelets interact with leukocytes of multiple classes in the circulating blood, in clots and thrombi (FIG-URE 1) , and at endothelial surfaces in inflamed vessels (121, 371, 454) . Based on evolving observations, platelets also interact with leukocytes at extravascular sites in the lungs and other organs (see below). Circulating myeloid leukocytes (granulocytes, including neutrophils, eosinophils, and basophils; monocytes), lymphocytes of several classes, dendritic cells, and macrophages are all "targets" for activated platelets (454) (FIGURE 7) . Interactions of platelets with circulating myeloid leukocytes are primarily discussed here, and other platelet-leukocyte encounters are considered in a later section. There is evidence that complex platelet-leukocyte interactions, often also involving endothelial cells, occur in both systemic and pulmonary vessels (121, 319, 457) .
The cellular and molecular mechanisms that mediate platelet-leukocyte interactions depend on the specific interacting leukocyte type and the experimental or clinical conditions (121, 453, 454) . Binding of P-selectin on the surfaces of activated platelets to P-selectin glycoprotein ligand 1 (PSGL-1) on the leukocyte (493) is a critical molecular interaction that has been demonstrated in platelet-leukocyte adhesion involving all circulating leukocyte classes. Additional binding events involving integrins and other adhesion molecules on the activated platelets and on the interacting leukocytes add to critical P-selectin/PSGL-1 tethering in specific cellular interactions (121, 454) .
Interactions of activated platelets with neutrophils (PMNs) and monocytes have received considerable attention (454, 494) . Recent observations in mice indicate that neutrophils adherent to endothelium in inflamed systemic or pulmonary microvessels locally recruit platelets (173, 195, 196, 281, 415) . Capture of platelets by adherent, activated neutrophils has been detected by intravital microscopy in experimental TRALI and LPS-induced ALI (173, 415) . Earlier reports in models of antigen-induced and acute sterile inflammation in rabbits also demonstrated neutrophil-mediated accumulation of platelets, including deposition of platelets associated with adherent and emigrating PMNs in the skin and lungs (189, 190, 232) . In a recently reported murine model of neutrophil-mediated platelet recruitment, neutrophils were observed to "scan" for activated platelets in the circulation; signals transduced via PSGL-1 (see below) appeared to integrate information required for neutrophil motility and for coordinated interaction with endothelial cells (415) . It is unknown if PGI 2 or NO generated by locally activated endothelium (see previous section), or ectonucleosidases expressed by endothelium or neutrophils (183) , modulate platelet recruitment under these condi-tions. It is also not clear that this directional cellular interplay is stereotyped in all conditions. In murine models of LPS-induced ALI, septic ALI, and sickle cell injury, plateletmediated PMN recruitment (457) , rather than neutrophilmediated platelet accumulation, appeared to occur (11, 149, 227, 350, 358) . P-selectin-dependent eosinophil recruitment into the lungs by platelets has been observed in murine allergic inflammation (345) . In models of leukocyte recruitment in primary hemostasis, platelets adhere to subendothelial proteins, are activated, and recruit neutrophils via mechanisms involving P-selectin/PSGL-1, juxtacrine signaling, and leukocyte ␤ 2 -integrins (66, 331, 453, 502) . Platelet-neutrophil interactions of this nature could occur in inflammation if subendothelium is focally exposed by endothelial retraction or injury (150) .
Activated platelets also adhere to leukocytes in circulating blood, forming mixed cell aggregates (sometimes termed heterotypic aggregates) (454) . Platelet-leukocyte aggregate formation can be induced in experiments with isolated human cell populations (FIGURE 1C) or in whole blood samples (453) . Formation of platelet-leukocyte conjugates, particularly monocyte-platelet aggregates (MPA), is a particularly useful and durable marker for platelet activation in clinical studies (28) . Recent examples of human syndromes in which platelet-leukocyte aggregate formation was detected include aspirin-exacerbated respiratory disease (AERD), HIV infection, influenza, dengue, and severe sepsis and septic shock (146, 178, 235, 365, 366) .
The lung is a site of platelet-myeloid leukocyte aggregate formation based on in vivo observations. In mice in which alveolar structures were imagined by two-photon intravital microscopy (256) , dynamic formation of neutrophil-platelet aggregates (NPA) was observed in the lung microcirculation in the absence of an inflammatory stimulus (330) . Challenge of the animals with LPS resulted in a dramatic increase in the number of NPA and MPA in the pulmonary blood. At later time points, NPA were detected in BAL samples and immobile NPA were observed outside of alveolar vessels by microscopy ( FIGURE 5 ). The latter findings and additional assays (flow cytometry of BAL samples using an anti-␣ IIb antibody; BAL TxA 2 measurements) indicated that platelets enter alveolar spaces, potentially complexed with leukocytes, in mice with inflamed lungs. In contrast, intra-alveolar platelets and platelet-leukocyte aggregates were not detected in the lungs of control mice (330) . Extravascular platelet-leukocyte complexes and platelets have also been reported in the lungs under other conditions (see sect. IV). Accumulation of platelet-leukocyte aggregates and free platelets in inflamed or injured alveoli could have multiple consequences, including fibrin deposition (49, 71, 391) and amplification of inflammation (454) . A recent experimental study reported that RANTES (CCL5) released from platelets triggers alveolar macro-phage activation, macrophage secretion of IL-8, and neutrophil recruitment to the alveoli in a CLP model (182) . Signals to alveolar macrophages by RANTES or other soluble mediators may be delivered by platelets in the alveolar space, by intravascular platelets, or by platelets in both compartments. Platelet-leukocyte aggregates in the peripheral blood, in pulmonary microvessels (FIGURE 7A), or in the alveolar compartment (FIGURE 5) , have the potential to further amplify and drive inflammation by mediating synthesis of additional mediators (see below).
Aggregation of activated platelets and myeloid leukocytes in the blood also occurs in other models of lung injury. Increased numbers of NPA formed in blood of mice subjected to hydrochloric acid-induced ALI (108, 495) . NPA were observed in lung microvessels by electron microscopy in one of these studies, and formation of NPA was dependent on platelet P-selectin (495) . Platelet-neutrophil interactions and TxA 2 formation were identified as key events in alveolar endothelial injury based on in vitro experiments together with the in vivo observations (495) .
In experiments utilizing the acid-or LPS-induced ALI models with relevance to ultimate clinical intervention, aspirin (330, 495) , aspirin-induced lipoxins or resolvins (108, 330) , or a thromboxane receptor (TP) antagonist (495) reduced NPA formation in vitro and/or in vivo and reduced LPS-or acid-induced ALI. Emerging evidence indicated that lipoxins, resolvins, and related mediators contribute to resolution of acute inflammation in a variety of experimental settings (242) . One mechanism for their benefits may be interruption of proinflammatory platelet-leukocyte interactions. Platelet-leukocyte aggregates generate lipoxins (50), however, which potentially have endogenous modulatory effects. Therefore, blocking platelet-leukocyte aggregate formation may not always reduce inflammation in a stereotyped fashion.
Interactions of activated platelets with myeloid leukocytes induce functional responses in addition to simple formation of mixed cell clusters. One functional consequence is activation of leukocyte ␤ 2 -integrins. This is an important mechanism that can facilitate adhesion and accumulation of PMNs and monocytes in inflamed vessels and tissues (121, 457, 494) . Experimental observations cited earlier in this section and a variety of other studies (233, 236, 336) support the conclusion that platelets enhance adhesion and trafficking of myeloid leukocytes under specific conditions. In addition, other functional responses are induced by platelet-myeloid leukocyte interactions. These include transcellular biosynthesis, degranulation and ROS generation by PMNs, fibrin formation, microparticle formation, and vascular remodeling activities (121) . Although bidirectional signaling of platelets and leukocytes in whole blood has been detected, most studies have focused on signaling of target leukocytes by activated platelets (454) . One impor-tant functional outcome is new, or amplified, synthesis of mediators that can drive or modulate inflammatory and immune responses. As an example, NPA, MPA, and eosinophil-platelet aggregates were found in much higher numbers in the blood of patients with AERD than in samples from control subjects, and measurement of a urinary marker of systemic cysteinyl leukotriene (cysLT) formation correlated with the number of NPA (235) . Adherent platelets contributed to enhanced leukotriene C 4 (LTC 4 ) synthase activity and cysLT production by neutrophils in vitro, and platelets accounted for augmented production of LTC 4 by PMNs from patients with AERD compared with cells from control subjects (235) . Increased synthesis of LTC 4 , resulting from such platelet-neutrophil interaction, could further amplify inflammatory and immune responses. For example, LTC 4 and related cysLT trigger PAF synthesis and endothelial cell-dependent neutrophil adhesion by human endothelial cells (284) . Thus platelet-neutrophil signaling in specific pathophysiological contexts could drive additional key inflammatory events, including augmented neutrophil recruitment and activation.
Platelet-monocyte interactions also result in synthesis of inflammatory proteins by the target leukocytes (reviewed in Refs. 453, 454) . This cell-cell dialog has clinical relevance and provides an informative in vitro model of intercellular signaling (FIGURES 1C AND 7B). Activated human platelets trigger synthesis of chemokines, cytokines, cyclooxygenase-2 (COX-2), metalloproteinases, adhesion molecules, tissue factor, and soluble fms-like kinase (sFlt-1) by isolated human monocytes (269, 454) . Early and subsequent experiments demonstrated that engagement of PSGL-1 on human monocytes by platelet P-selectin delivers signals to transcriptional and posttranscriptional pathways that regulate new expression of mRNAs and protein products, and that additional platelet paracrine or juxtacrine factors including RANTES, PAF, and IL-1␤ can amplify and integrate these signals (103, 153, 266, 454, 461, 464, 466) . In some cases, time-dependent multistep mechanisms regulate expression of specific products such as COX-2 (103) . Very recent experiments examining platelet-monocyte interactions in dengue indicate that apoptotic platelets utilize P-selectin binding to PSGL-1 and a previously unrecognized mechanism involving exposed phosphatidylserine to differentially trigger synthesis of a specific pattern of chemokines and cytokines by monocytes (178) . Other experimental observations also indicate that there are variations in the signaling and output repertoires in platelet-monocyte interactions (109, 151, 423) . Studies with anti-platelet and anti-inflammatory drugs suggest that specific molecular checkpoints may be targeted to interrupt synthesis of inflammatory and hemostatic mediators (71, 221, 336, 421, 461) , although platelet-monocyte aggregate formation is resistant to conventional anti-platelet therapy under some conditions (486) .
Formation of neutrophil extracellular traps (NETs) is a biologic consequence of platelet-neutrophil interactions with much current interest and relevance to lung inflammation. NETs are lattices of extracellular DNA studded with histones, granule enzymes (elastase, cathepsin G, others), and cationic proteins that are extruded by PMNs in infection and inflammation (55, 56, 485) . NET formation commonly occurs via a unique cell death pathway often termed "NE-Tosis" that involves nuclear decondensation, nuclear membrane breakdown, and association of histones and granule constituents with the decondensed chromatin in the neutrophil cytoplasm, followed by plasma membrane disruption and extrusion of the NET complexes into the extracellular space (FIGURE 8) . The specific mechanism(s) that mediate NETosis remain to be completely characterized (56, 485) . Nonlytic NET formation triggered by certain bacteria and other stimuli has also been described (485) . NETs form in pulmonary vessels and in alveoli based on experimental and limited clinical observations (59, 62, 72, 105, 272, 314, 370, 376, 382, 435) .
NETs capture, immobilize, and in some experimental conditions kill pathogens in vitro, including microbial agents that cause pneumonia and Mycobacterium tuberculosis (56, 485) . NETs are proposed to activate lung macrophages in early M. tuberculosis infection (48) . Defects in NET formation have been associated with intractable pulmonary fungal infection (33) and neonatal immunodeficiency in humans (489) . In a mouse model of Pseudomonas aeruginosa pneumonia, NETs and surfactant protein D coordinately mediated bacterial trapping (105) . NETs are proposed to capture and contain pathogens in pulmonary capillaries and other microvessels in bacteremia (72, 281) . Thus NET formation may be a key antimicrobial mechanism in pulmonary host defense and in defense of other organs against pathogens (FIGURE 8) , although its relative importance compared with traditional neutrophil mechanisms for intracellular killing of pathogens remains controversial (316, 485) . Contributing to both complexity and topical interest, however, there is now considerable experimental evidence that NETs can injure cells and tissues, and that inappropriate or unregulated deployment of NETs by PMNs is a mechanism of inflammatory collateral damage and thrombosis (56, 67, 377, 485) . Histones, elastase, myeloperoxidase, and additional NET-associated biochemical agents potently injure several cell types (56, 485) . NETs damage alveolar endothelial and epithelial cells in vitro (376) , suggesting that NET formation is a mechanism of alveolar capillary membrane injury in vivo (FIGURE 8 ). NETs have also been implicated in airway injury in cystic fibrosis (272) . Finally, NETs are also prothrombotic (see sect. V). Thus, on the basis of current information in the field, NETs may be effectors of lung injury or of lung defense depending on the experimental or clinical context (67) (FIGURE 8 ).
NETosis and NET deployment can be induced by multiple pathogens, by chemokines and inflammatory mediators, and by pharmacological agonists (56, 485 is also triggered by activated platelets (9, 62, 72, 196, 201, 231, 279, 370) (FIGURE 8 ). In vitro, NET formation by human PMNs is induced by platelet signaling factors that include PAF (489) , which mediates platelet-dependent neutrophil activation (331); ␤-defensin-1, an antimicrobial peptide translocated to the surfaces of activated human platelets (231) ; and high mobility goup box 1 (HMGB1), which is reported to be released from activated human platelets (279) . In mice, P-selectin/PSGL-1 signaling (120), and neutrophil activation triggered by platelet RANTES/ PF4 heteromers, neutrophil G protein-coupled receptors, and neutrophil ␤ 2 -integrins (370) induce NET formation. Thus multiple signals from platelets have the potential to induce NET formation based on experimental evidence. In addition, IL-8, which can be generated by intercellular signaling in platelet-monocyte aggregates (461, 466) , or when PSGL-1 is engaged on neutrophils (174), is an agonist for NET formation (129) and could induce NET deployment in an inflammatory exudate or thrombus. Extracellular histones associated with NETs can trigger TLR2-and TLR4dependent platelet activation and aggregation (394) , reversing the direction of signal transfer.
NETs are effectors of alveolar damage in mouse models of inflammatory lung injury. In experimental TRALI involving two "hits," pretreatment with LPS and a subsequent immune trigger, platelets are critical (257) and platelet-dependent NET formation was identified as a key contributor to acute lung dysfunction (62, 435) . In one of these studies NET-induced platelet aggregation was found to also be important in the animal model, and NETs were detected in pulmonary vessels in lung tissue from a human subject with fatal TRALI (62) . In mice subjected to ventilator-induced lung injury (VILI), which can be considered a pathological consequence of maladaptive inflammation (288) induced by mechanical stress to the lungs, indexes of alveolar damage were dependent on platelets and neutrophils (370) . NETs formed in lung microvessels, and circulating NET components were detected in plasma from animals with VILI in this study. In a third model NET formation was platelet dependent and caused inflammatory lung injury in mice with primary graft dysfunction, which is a significant problem in clinical lung transplantation (382) . NETs were detected in the lungs by immunofluorescent microscopy in two separate experimental transplant protocols involving ischemia-reperfusion injury, which is thought to be a determinant of primary graft dysfunction (382) . In parallel assays, NET components were detected in BAL samples from human lung transplant recipients. In one of the mouse models, involving orthotopic lung transplantation after prolonged cold ischemia, platelet accumulation in lung microvessels was documented by immunohistochemical analysis and was associated with NET formation. Disruption of NETs by intrabronchial administration of DNase improved oxygenation and reduced lung injury as did pretreatment with aspirin before transplant, which also reduced forma-tion of NETs. Together, these surrogate models indicate that NETs have pathophysiological activities in experimental acute lung injury induced by several triggers of deleterious, pathological inflammation: complications of transfusion, mechanical ventilation, and transplantation-induced ischemia and reperfusion.
Experimental models demonstrate that intravascular and extravascular NETs form in endotoxemia, bacteremia, and CLP (72, 77, 281, 290, 429, 475) . Platelets are proposed to be important sensors of LPS in bacteremia caused by gramnegative organisms (72, 485) , and platelet-induced NET formation is thought to be critical for bacterial containment in the vasculature (281) . Nevertheless, NETs can also cause cellular injury as outlined above. Thus NET formation may contribute to septic ALI, a common and lethal form of ARDS (277) . Whether NETs are primarily beneficial and adaptive effectors of inflammation that contain and clear pathogens or, conversely, are primarily maladaptive and injurious is an open question in the biology of infection and pathogen-induced lung and systemic injury. The answer is almost certain to be context-specific and will likely depend on whether the model chosen or clinical condition involves live pathogens or toxins such as LPS, whether the pathogens are efficiently cleared by phagocytosis and intracellular killing, and variables such as partitioning of stimuli for NET formation (intravascular versus extravascular) and timing and location of NET deployment. Development of specific inhibitors of NET formation (488) will provide important tools to dissect these issues that may also have therapeutic benefit.
G. Platelets as Innate Sensors and Cellular Effectors in Antimicrobial Host Defense
There is substantial evidence that platelets interact with microbes of a variety of classes (305, 454, 482) (FIGURE 9 ). Bacteria and viruses activate platelets directly or indirectly by binding to integrin ␣ IIb ␤ 3 , GPIb␣, TLRs, Fc receptors, DC-SIGN, and complement receptors (80, 132, 454) . Pathogen-dependent activation of platelets may be a key pathophysiological mechanism in host injury in sepsis (93, 247, 369) , endocarditis (124) , infection of endovascular devices (482) , dengue (177) , malaria (81, 122, 369) , and other infectious syndromes. Platelets were reported to facilitate bacterial dissemination to the lungs and spleen in a model of Streptococcus pyogenes infection (202) .
While platelets may mediate pathogen-induced injury, there is also evidence that they have a substantial repertoire of antimicrobial activities that benefit the infected host (454, 482) (TABLE 4) . Some of the evidence for platelet defenses against pathogens comes from correlative clinical investigation. For example, patients with idiopathic thrombocytopenia, a syndrome of immune-mediated platelet deficiency, have a substantial risk of infectious complications that is similar to the risk of hemorrhage (323, 352) . While in this case the risk of infection may be in part due to complications of treatment, additional clinical data indicate that thrombocytopenia or platelet dysfunction contributes to impaired host defense against infection in a variety of clinical settings (482) . Extensive experimental evidence from in vitro and in vivo studies also supports physiologically important antimicrobial activities of platelets (453, 454) . As an example, mice with selective genetic deficiency of factor V (FV) in platelets had dramatically increased mortality after group A streptococcal infection as did animals with deficient FV in the plasma compartment (426) . The authors of this study concluded that local thrombin generation, fibrin deposition, and platelet-dependent enhancement of these events are key mechanisms that limit dissemination and, perhaps, replication of certain pathogens. As a second example, platelet TLR7 was critical for survival in a murine model of acute viral infection, providing mechanistic experimental evidence indicating that platelets are active in defense against viral pathogens (228) . Similarly, platelet de-pletion in mice infected with lymphocytic choriomeningitis arenavirus, a model of viral hemorrhagic fevers, demonstrated that platelets have complex protective innate and adaptive immune activities in infection with this pathogen (261) (also see sect. IIIH). These and other specific experimental observations, together with clinical correlates, indicate that platelets are innate cellular effectors of antimicrobial host defense (305, 454, 482) .
The antimicrobial repertoire of platelets is diverse. One mechanism is enhancement of antimicrobial functions of leukocytes. In earlier sections we mentioned recent experimental studies in which murine platelets present intravascular bacteria to macrophages or dendritic cells for elimination and immune recognition (449, 478) and also outlined recent studies demonstrating that platelets trigger NET formation, a newly recognized innate mechanism of extracellular capture and potential killing of microbes in the lungs and other organs (see sect. IIIF) (FIGURE 8). In an example in a mouse model, depletion of platelets resulted in increased dissemination of bacteria to the lungs after intraperitoneal E. coli infection, an outcome that was attributed to deficient NET formation and pathogen capture (281) . Platelets also enhance a variety of additional antimicrobial activities of neutrophils, monocytes, and lymphocytes (482) .
In addition to facilitating control of pathogens by leukocytes, platelets have direct antimicrobial effects. In some cases platelets are reported to phagocytose bacteria and viruses (454) . This may, however, not be a particularly robust mechanism, and platelets are inefficient at intracellular killing of at least some bacteria (471) . Nevertheless, they store, release, and in some cases retain on their surfaces peptides, proteins, and chemokines with potent antimicrobial activities. Among them are platelet microbicidal proteins (PMPs) and kinocidins, which are ancient immune effector molecules that have antibacterial and antifungal activities and that potentiate the action of some antibiotics (473, 482) . PMPs and kinocidins have been identified in platelets from humans and experimental animals and have direct and synergistic activities against bacteria and fungi that cause clinical infections, including pneumonia. Kinocidins are classified in at least five subfamilies, which include chemokines (PF4, NAP-2, RANTES, others) that have antimicrobial activities (482) . PF4, for example, kills intraerythrocytic Plasmodium falciparum after binding to the Duffy antigen on infected erythrocytes (287) (see sect. IIIH), and inhibits HIV cellular entry and infection (15) . In addition to PMPs and kinocidins, platelets also express ␤-defensin 1, which inhibits growth of S. aureus in vitro in addition to triggering deployment of NETs (231) . Yet another facet of platelet antimicrobial defense is illustrated by release of histidine-rich glycoprotein (HRG), which is synthesized in the liver, internalized by platelets, and stored in ␣-granules. HRG promoted entrapment of Streptococcus pyogenes in clots in vitro and at infected sites in vivo in a mouse model (399) . Clinical and experimental observations of this sort provide evidence that platelets are active contributors to host defense against pathogens, although some microbes can subvert platelet molecular defenses (482) .
Evolving evidence demonstrates that platelets are sensors of pathogens and are among the first responders in acute infection (132, 454) . Platelets are the earliest and most numerous cells to accumulate at sites of infection involving the endothelium and in infected endovascular devices (482), suggesting rapid sensing of intravascular infection and pathogen-induced vascular injury. Platelets are proposed to be "barometers" of bloodstream invasion by bacteria (72, 281) and to be key cellular effectors in intravascular immune responses to blood-borne pathogens (156) (also see sect. IIIH). As previously noted, platelet TLRs provide molecular pathways for intravascular pathogen sensing, but other platelet receptors also have this function (80) . While circulating blood is the principal domain of their microbial sensing, surveillance, and effector functions, platelets also accumulate in infected issues and have the capacity to detect microbes outside of the blood compartment and to influence the natural history of extravascular infections. There is experimental evidence that they may specifically influence outcomes in parenchymal lung infection. In a recent study in mice, an anti-platelet antibody was used to reduce circulating platelet numbers to very low (2-5 ϫ 10 9 /liter over 14 -44 h) or low (6 -153 ϫ 10 9 /liter over the same interval) levels (92) . Mice with very low platelet numbers had dramatically and progressively increased bacterial loads in the lungs after intranasal inoculation with Klebsiella pneumoniae; increased bacterial burdens in blood, spleen, and liver; and increased mortality. Animals with less severe thrombocytopenia had a similar, but less pronounced, pattern of lung and systemic infection. In contrast to results in previously cited models of LPS-induced or sterile inflammation, platelet depletion did not reduce accumulation of neutrophils in the lungs or NET formation in this model of pneumonia and pneumonia-induced sepsis (92) . This sug-gests that innate antimicrobial or signaling activities of platelets were central to pathogen control and to survival of platelet-sufficient animals. Unexpectedly, measurements in thrombocytopenic, infected mice demonstrated enhanced cytokine levels. It is possible that this result was due to impaired inhibitory signaling of macrophages by platelets (479) or differential signaling of monocytes (151) in severely thrombocytopenic animals. The investigators also note that the biologic effects of platelets likely depend on the stimulus and the elapsed time after challenge in models of infection or inflammation, and provide appropriate caveats regarding comparisons of animal models to clinical conditions they are intended to imitate (92) .
Examination of platelet activities in experimental and clinical viral syndromes has revealed previously unrecognized pathogen sensing and effector functions. It is now clear that platelets recognize and interact directly with a number of viruses, although in many cases the information is fragmentary and incomplete (454, 482) . As with bacteria, plasmodia, and other pathogens that are blood-borne, platelets sense and respond to viruses such as dengue that cause significant clinical viremia (177) (also see sect. IIIF) or are introduced into the bloodstream experimentally (196) . In contrast, influenza, a major cause of viral pneumonia and ARDS (277) (FIGURE 3) , induces platelet responses even though the pathogen is dominantly restricted to the alveoli and airways, and is particularly interesting and informative in this regard.
Activated platelets and platelet-monocyte aggregates are present in increased numbers in the blood of critically ill patients with H1N1 influenza A (365) . Platelet-monocyte aggregates also form in the blood of subjects undergoing influenza A vaccination, and in vitro experiments suggested that this interaction expands a subset of CD14 high CD16 ϩ proinflammatory monocytes (336) . Early studies demonstrated that live influenza virus binds to human platelets in vitro, although a specific receptor or binding structure was not identified (433) . In addition, infusion of influenza virus into rabbits induced rapid and sustained thrombocytopenia and decreased survival of radiolabeled platelets (433) . Recent observations indicate that influenza viruses can activate platelets in a complex fashion. H1N1 influenza A triggered human platelet activation in vitro, detected by translocation of P-selectin, activation of integrin ␣ IIb ␤ 3 , microparticle formation, and lipid mediator synthesis (38) . The activation mechanism required the presence of serum or plasma and was found to involve formation of virus-IgG immune complexes that are recognized by platelet Fc␥RIIA. Consistent with this, the pathway could be reproduced in platelets from transgenic mice that express human Fc␥RIIA (38) . Of note, immune complexes containing viral antigen were found in the lungs of patients who died of influenza during the 2009 H1N1 pandemic (301) . In addition, Fc␥RIIA also participates in complex platelet activation by other pathogens (124) . The experimental influenza studies further indicated that human platelets have a parallel mechanism by which the virus can induce activation via thrombin formation, presumably mediated by platelet PARs, independent of Fc␥RIIA and immune complexes (38) . This was interpreted as demonstrating that influenza A activates human platelets by both adaptive and innate signaling cascades, in part depending on the immune status of the subject (38) . It was proposed that influenza virus is recognized by platelets in systemic blood during viremia, which is detected relatively infrequently in clinical influenza A infection, but may increase in pandemic influenza (70, 248) , or in leaky capillaries with increased permeability in the lungs of infected patients (38) (FIGURE 3 ). Animal models document increased permeability of the alveolar-capillary membrane in influenza lung infection and indicate that disrupted barrier function and increased capillary permeability can be prolonged (145, 254) , consistent with clinical observations (277) . If platelets encounter influenza virus in the lung microcirculation as a result of increased microvascular permeability, it will bring a new facet to the functional consequences of altered endothelial barrier integrity in inflammation (see sect. IIIA).
There may be alternative mechanisms for platelet activation in severe influenza pneumonia and influenza-induced ARDS. For example, generation of one or more mediators in the lungs or blood that activates megakaryocytes or circulating platelets independent of direct contact with the virus may occur.
Additional recent studies of experimental influenza A infection also support platelet participation. Activated platelets and platelet-leukocyte aggregates were found in the blood of infected mice (238) , consistent with observations in humans (365) . Platelet activation and formation of plateletleukocyte aggregates may contribute to thrombocytopenia in influenza, as they do in other viral infections (292) . Histopathological studies of influenza A-infected mice demonstrated accumulation of platelets and platelet-leukocyte aggregates in the vascular and extravascular compartments of the lungs (238) . In addition, time-dependent accumulation of platelets and serotonin and IL-1␤, which could have in part been platelet derived, were detected in BAL samples from these animals (238) . Platelets were also found in BAL samples from influenza-infected mice in the previously outlined study (38) . Together, these observations add to the idea that platelets are direct or indirect sensors of influenza in vivo and suggest that they can encounter the virus in the alveoli as well as in the blood. There was also evidence that platelets directly contribute to collateral inflammatory lung injury triggered by influenza. Genetic deficiency of integrin ␣ IIb ␤ 3 , an ␣ IIb ␤ 3 inhibitor, and pharmacological inhibitors of platelet activation reduced histologic indexes of lung injury and mortality in influenza-infected mice (238) .
Whether platelets are protective very early in influenza invasion, as in other experimental infections (see sect. IIIH), is unknown. It is also unknown how platelets influence bacterial pneumonia complicating clinical influenza infection, which is a common and lethal problem (68) . As illustrated earlier in this section, platelets have complex activities in bacterial pneumonia that are likely to be compounded by concurrent viral infection. Both bacterial coinfection (68) and thrombocytopenia (258) are reported to be risk factors for increased mortality in clinical influenza infection. Finally, it is unknown how lung megakaryocytes (468) respond to influenza. Both lung megakaryocytes and circulating platelets may sense and respond to influenza and other respiratory viruses.
In addition to bacteria and viruses, platelets interact with fungi, protozoa, spirochetes, and schistosomes (454, 482) . Pathogens from each class cause platelet accumulation in lung vessels or pulmonary thrombosis in humans or experimental animals, and in some cases platelet interactions are proposed to be central to lung defense or injury when the host is challenged by these microbes (412, 446) . There is little information on platelet sensing or effector responses when the lungs are involved in clinical infections with these agents or in surrogate models, however, leaving gaps in our knowledge and identifying opportunities for future investigation.
Platelet responses to pathogens will also be discussed in the next section, which deals with integrated innate and adaptive immune functions of these cells. Microbial challenge has commonly revealed previously unrecognized immune and inflammatory mechanisms involving a variety of cell types, and has been informative in the immunobiology of platelets in this regard.
H. Platelets as Sensors and Effectors in the Immune Continuum
Platelets clearly function as innate immune cells that detect and respond to infectious and sterile triggers and inducers of inflammation (288) with effector activities (80, 169, 194, 305, 396, 450, 453, 454, 465) . Platelets mediate events that are classically associated with innate immune responses, including altered endothelial permeability (369) , histamine release (54, 61, 487) , complement activation (450) , and rapid accumulation of myeloid leukocytes (454) (see earlier sections). Many of the activities of platelets so far discussed in this review can be considered innate immune effector functions, or are parallel hemostatic and innate immune responses (TABLES 1-5). Innate immune functions of platelets can clearly be demonstrated in the lungs. As examples, platelets and leukocytes have rapid and coordinate innate immune effector activities in the lungs in experimental models of acute inflammation and immune challenge (46, 189, 190, 442, 487) .
As previously introduced, there is evolving evidence that activated platelets also have adaptive immune functions and activities (TABLE 5) (111, 113, 169, 397, 453, 454, 469) . As discussed in section IIIG, in some cases platelet innate and adaptive immune receptors and pathways are triggered in response to the same stimulus (38) . In this section we review some of the evidence that platelets operate across the immune continuum and that both adaptive and innate immune activities are in their repertoire.
Activated platelets interact with leukocytes that mediate adaptive immune responses, some of which have broad influences at the interface of innate and adaptive immunity. These include lymphocytes and dendritic cells (FIGURE 7, B AND C) , which have protean adaptive immune activities. Activated platelets bind to lymphocytes of several subclasses in vitro and in vivo. As in interactions with PMNs and monocytes, P-selectin on activated platelets mediates both adhesive and signaling functions in platelet-lymphocyte interactions (169, 245, 454) . Early and more recent experiments demonstrate that in addi-tion to P-selectin/PSGL-1 binding (87, 302) , integrins and CD40L are involved in adhesion of platelets to lymphocyte subsets depending in part on the activation state of the lymphocyte and other conditions (98 -101, 411) . Circulating activated platelets were found to deliver lymphocytes to HEV and to facilitate lymphocyte homing and immune responses in the skin in mouse models (98, 100) , indicating the importance of this platelet-leukocyte interaction. In one of these studies activated platelets enabled lymphocytes to tether to peripheral node addressin, a key adhesion molecule on HEV, in the absence of functional lymphocyte L-selectin, a critical "homing receptor" (98) . This mechanism may be important in targeted trafficking of memory T cells, which constitutively express low levels of L-selectin, in nodes (169, 245) . There is experimental evidence for platelet-mediated targeting of lymphocytes to the lungs. In a murine model of allergic pulmonary inflammation involving sequential administration of systemic and aerosolized ovalbumin, platelets were required for maximal recruitment of both lymphocytes and eosinophils (345) . Platelet Pselectin, PSGL-1, leukocyte integrins, and the formation of platelet-leukocyte complexes were identified as key factors in targeting of the leukocytes to the lungs.
Early and more recent observations indicate that plateletlymphocyte interactions have functional implications for both cell types (64, 74, 110, 112, 114, 138, 161, 184, 185, 217, 275, 491) . These studies also suggest maladaptive, as well as adaptive, immune consequences of interactions between lymphocytes and platelets. As examples, human platelets are reported to initiate T cell-dependent contact hypersensitivity mediated by serotonin release (275) , and platelets contributed to cytotoxic T lymphocyte-induced hepatic damage in a mouse model of viral hepatitis (184) . Murine platelets present antigens and directly activate naive T cells, activities that may have both injurious and protective immune consequences, in experimental malaria (64) (see also below). Reciprocal interactions between platelets and lymphocytes mediated by CD40L-CD40, adhesion molecules, and paracrine signaling have been reported (88, 245, 491) . In one study, T cells were observed to induce RANTES release by platelets which was dependent on CD40L-CD40 recognition, providing a mechanism for immune amplification (88) .
Multiple observations, largely in vitro, indicate that platelets influence differentiation of monocytes to dendritic cells (DC) and induce maturation of DC (85, 114, 152, 154, 175, 207, 220, 237, 243, 274) (FIGURE 7C ). DC are central in antigen and pathogen recognition, integration of innate and adaptive immune activities, immune tolerance, and in pathological states, autoimmune disease and allergy (16, 422) . P-selectin-and CD40L-dependent mechanisms, and both adhesion-dependent and paracrine signaling, have been reported in platelet-induced DC differentiation and maturation (454) . Serotonin induces monocyte differentiation to 
Modulation of lymphangiogenesis and lymphatic endothelial barrier integrity
Some of the reported innate and adaptive activities and phenotypic features of platelets are listed. In many cases, key observations come from studies of mice, although there is also substantial evidence for complex immune activities from studies of human platelets and human cell models. A variety of findings indicate that platelets bridge the innate and adaptive limbs of the immune continuum in specific conditions, thereby mediating information transfer in immune recognition and activation. See text and cited references for additional information and details.
DC (216) and may have this activity if released by activated platelets in immune events.
In in vitro and in vivo models involving both static and shear conditions, activated human platelets adherent to collagen recruited DC by molecular interactions involving PSGL-1 and integrin ␣ M ␤ 2 on the DC; in mice with injured carotid arteries, DC adhesion to exposed subintima in the vessel was dependent on platelets and was inhibited by soluble GPVI (237) . In addition, interaction of human platelets and DC in vitro was associated with phagocytosis of platelets and DC apoptosis (237) . In a different study, activated human platelets adhered to immature DC in suspension, and P-selectin/PSGL1 and platelet and DC integrins mediated DC tethering to platelets adherent to collagen; myeloid DC were reported to prune activated platelets from the margins of platelet aggregates under these conditions (267) .
Under a variety of experimental conditions, platelets were found to modulate activation and defensive responses of DC including release of proinflammatory cytokines (152, 154, 175, 220, 237) . Activated platelets also enhanced lymphocyte proliferation induced by DC in vitro (152, 237) . ␤-Defensins are proposed to link innate and adaptive immunity by activating DC and T cells (480) , suggesting that ␤-defensin 1 on the platelet surface (231) might have this activity. In an in vivo model in mice mentioned in previous sections, platelets recognized Listeria monocytogenes in the bloodstream and shuttled a fraction of bound bacteria to splenic DCs, a mechanism proposed to be important in clearing the blood of pathogens and inducing antibacterial immunity (449) . Platelet interactions with DC may also contribute to immune disease. Platelets, apparently activated by immune complexes via Fc␥RIIA, formed aggregates with plasmacytoid DC and monocytes in the blood of patients with systemic lupus erythematosus (SLE), and activated platelets were observed to trigger interferon-␣ secretion by plasmacytoid DC (106) . It is possible that interaction of activated platelets with plasmacytoid DC and monocytes in this fashion contributes to immune lung injury in SLE (453) . Together, these observations demonstrate that activated platelets adhere to and signal DC in vitro, in vivo, and in clinical immune responses.
Macrophages, like DC, have diverse immune and immunoregulatory functions (306, 309) . Activated platelets and platelet lysates induced macrophage differentiation in coculture, a response that appeared to be due to one or more platelet membrane lipids (4) . PF4 was reported to induce monocyte-to-macrophage differentiation (385), suggesting a different mechanism by which activated platelets may influence this process. In contrast, purified, immobilized P-selectin inhibited monocyte-to-macrophage differentiation in response to macrophage colony stimulating factor (M-CSF) and favored differentiation of a CD14 ϩ CD16 ϩ dendritic cell-like population (243) , suggesting that acti-vated platelets retard macrophage development under some conditions and that platelets may differentially regulate the cell fate of monocytes and their evolution to macrophages and DC along divergent pathways. Platelets also interact with and signal mature macrophages based on in vivo and in vitro experiments (182, 195, 392, 478, 479) . It is unknown if platelets influence dynamic changes in the functional phenotypes of macrophages (306, 309) by these or other mechanisms. PF4 induces a unique transcriptome signature in cultured macrophages (143) and downregulates macrophage surface receptors (142) , suggesting this possibility. Murine peritoneal and bone marrow-derived macrophages treated with LPS express PDPN, which can activate mouse platelets via CLEC2 in vitro (218) . This suggests that CLEC2-mediated platelet responses may occur in settings other than lymphangiogenesis (see sect. IIIA).
Platelets influence complex immune responses that mediate innate and adaptive events in vivo, in part by interacting with individual leukocyte types that operate across the immune continuum (circulating monocytes, lymphocytes, DC, macrophages). In this context platelets perform sentinel (detection) and effector functions and appear in specific cases to bridge innate and adaptive limbs of immune recognition and activation. Many of the observations that support this conclusion come from murine models. Platelets control leukocyte recruitment and cytokine generation in the cutaneous Arthus reaction in mice, which is a model of immune complex-mediated inflammation (155) . In an early series of experiments utilizing mice challenged with adenoviral vectors after prior immunization, activated platelets induced DC maturation, delivered signals leading to IgM to IgG isotype switching of B cells, and enhanced T-cell effector responses. These events were dependent on platelet CD40L (114) . The experimental approaches included adoptive transfer of platelets from wild-type and CD40L-deficient mice and parallel in vitro protocols. The observations indicated that platelets act as sensors of viral antigen and as a cellular communication link between innate and adaptive immune compartments in this model (110, 114, 469) . In additional experiments this group also reported that CD40L-mediated signaling by activated platelets or platelet microparticles contributes to lymph node germinal center formation and augmented efficiency of T cell-dependent antibody production (110) , and provided evidence that activated platelets can facilitate humoral adaptive immune responses when antigen-specific B-and T-cell numbers are limiting. Here, information transfer to splenic B-cell compartments by CD40L on microparticles released by activated platelets was identified as a key feature of the mechanism (414). These and related observations identified platelet CD40L as a central signal in experimental adaptive immune responses of this nature (111, 113) . In parallel studies, platelet CD40L facilitated priming of T cells and protection against experimental Lysteria monocytogenes infection (112) , indicating sensing and effector functions of platelets in bacterial infection as well as in challenge with virus and viral antigens. A considerable body of informa-tion now indicates that platelets utilize CD40L for both innate and adaptive immune activities (97, 111, 454) . Platelet CD40L may be a key determinant of transfusion immunomodulation (36) .
Additional examples illustrate complex activities of platelets in innate and adaptive immune responses to infection. Experimental and clinical observations indicate that platelets are sensors of malaria infection and that they are effectors of both host protection and, in severe malarial syndromes, injury (137, 147, 453) . Human platelets inhibit P. falciparum growth in vitro (343) and kill intraerythrocytic malarial parasites by a mechanism involving PF4 (262, 286, 287) . These observations suggest that platelets defend the host early in malaria infection. Nevertheless, considerable evidence implicates platelets in the injurious vasculopathy of cerebral malaria, one of the most important and lethal malarial complications (81, 122, 453) .
Studies in a widely utilized mouse model of severe malaria in which the animals are infected with blood stage P. berghei ANKA (PbA) indicate that platelets have both innate and adaptive immune activities that are defensive or damaging, in part depending on timing after challenge with the pathogen (1). Platelets were activated early after infection of mice with PbA, suggesting that they directly or indirectly sense the infection. Mice in which platelets were depleted prior to infection had increased parasitemia compared with control animals and high mortality, as did mice that received the platelet inhibitor clopidogrel prior to infection. In contrast, mice depleted of platelets or that received the anti-platelet drug beginning 24 h after infection had substantially increased survival. The experiments were interpreted as indicating that platelets have an early protective effect involving innate immune mechanisms but that later in the course of the infection, with ongoing platelet activation, maladaptive platelet effector activities contribute to cerebral malaria and death (1) . Early innate protection involved, in part, platelet signaling that enhanced production of acute phase proteins by the liver, based on platelet depletion experiments. Platelet-derived and/or induced IL-1␤ was key in signaling this acute phase response. In addition, contact-dependent interaction of activated platelets with liver sinusoidal endothelial cells was thought to be important, a conclusion supported indirectly by hepatic accumulation of labeled platelets and microscopic analysis (1). The platelet-induced generation of acute phase proteins limited plasmodium growth and appeared to be critical in protecting mice from cerebral injury. The late injurious effects of platelets, which were blunted by platelet depletion or treatment with clopidogrel after infection, were proposed to result from an inflammatory environment established by circulating activated platelets, based in part on earlier experiments indicating that PF4 can drive inflammation in this model (416) . Thus PF4, and platelets as its cellular source, may have both protective (286, 287, 343) and injurious (416) activities in experimental malaria. Platelets also regulate cytokine levels in this model (447) . Because PbA infection causes acute lung injury in addition to cerebral involvement, the observations may be relevant to malariaassociated ARDS (432, 446) .
Experimental malaria also provides evidence that platelets act across the immune continuum and mediate adaptive responses beyond innate protection involving induction of acute phase proteins and other acute events. Platelets were found to process and present plasmodium-derived antigen and to directly activate naive T cells in a platelet MHC class I (MHCI)-dependent fashion in the P. berghei model (64) .
In vitro as well as in vivo experiments supported this conclusion. The possibility that platelets not only facilitate acquired immune responses carried out by other immune effector cells (454) but also directly participate in antigen recognition and presentation (64) broadens their potential impact in immunobiology (305) . Human platelets express MHCI subunits including HLA class I and ␤ 2 -microglobulin (13, 208, 372, 379) , as do murine platelets (64) . Platelets also express T cell costimulatory molecules, an immunoproteasome, and other key components required for antigen processing and presentation (64, 222) . In PbA infection, a population of platelets with greatly increased surface levels of MHCI emerges several days after blood stage challenge with the parasite (64) . This likely involves changes in the megakaryocyte and/or platelet transcriptome (see sect. IV), although MHCI components are reported to adsorb to the platelet plasma membrane (208) . An intriguing possibility from the PbA model is that late interactions of activated platelets and T cells involving antigen presentation may yield immune protection (64) and complement other protective mechanisms such as early acute phase protein synthesis (1) if the infected subject survives acute and subacute complications such as cerebral and lung involvement. The studies also suggest that platelets might be used in cell-based vaccine strategies (64) . Such an outcome would expand the roles of platelets in intravascular immunity, which is proposed to result from encounters of immune effector cells with pathogens in the blood (172) .
Murine models also suggest additional complex immune functions of platelets. As outlined earlier, platelets facilitate lymphangiogenesis and defend lymph node integrity, which are important in adaptive immune regulation. A model of viral hemorrhagic fever mentioned previously indicates that platelets are also important for splenic integrity and that platelet deficiency alters splenic immune function. In these experiments, platelet numbers were reduced to profoundly low (Ͻ2.5% of baseline) or low (Ͻ15% of baseline) levels prior to infection with lymphocytic choriomeningitis arenavirus (261) . Mice with profoundly low platelet numbers had systemic bleeding with focal hemorrhages in the lungs and other organs and significant mortality, whereas animals with low or normal platelet numbers had no bleeding and survived. Nevertheless, both depletion protocols resulted in impaired clearance of the virus and deficient virus-specific T-cell responses. Platelet-depleted mice had dramatic disruption of splenic architecture, histologic evidence for diffuse viral replication throughout the splenic parenchyma, and reduced numbers of splenic immune effector cells, including DC, macrophages, and T cells, that apparently resulted from cell necrosis. The investigators concluded that platelet-depleted mice were unable to control viral replication due to generalized necrotic depletion of splenic innate and adaptive immune cells, although a specific mechanism was not determined (261) . A corollary was that platelet depletion resulted in loss of viral control secondary to accumulated defects in early innate and late adaptive immune responses, and that this occurred even in the animals with only partial platelet depletion. This model, like experimental malaria, provides additional evidence that platelets act across the immune continuum. It is unknown how these experimental murine models translate to human biology and to clinical infectious diseases.
IV. NONTRADITIONAL BIOLOGIC ACTIVITIES OF PLATELETS AND THE PLATELET TRANSCRIPTOME: A SUMMARY
This review has profiled traditional, well-known effector activities of activated platelets-shape change, inside-out signaling of integrin ␣ IIb ␤ 3 , aggregation, synthesis of TxA 2 , degranulation of factors with hemostatic activities, enhanced adhesion, clot retraction-in parallel with an increasing number of important biologic activities that are nontraditional and are newly, or relatively newly, recognized (FIG-URE 2 ). Within this context we have discussed receptors, signaling cascades, regulatory units such as the inflammasome, and effector functions that have been identified in platelets only in the recent past. Innate and adaptive immune activities are among the "new", nontraditional biologic capacities of platelets (453, 454, 500) , although these functions are likely quite ancient (465) , and it has been recognized that platelets are inflammatory cells for a substantial period of time (311, 333) . We have also mentioned other recently identified features of platelets that potentially broaden their biologic impact beyond the traditional short list of hemostatic functions, but have not provided a comprehensive review of the new biology of platelets. For example, platelets and platelet precursors can divide and generate progeny after they have been spawned by parent megakaryocytes (390, 436) , a recently discovered facet of the new biology of platelets that is not discussed here.
The ability to act outside of the vascular compartment is one of the most interesting nontraditional platelet functions to emerge from recent and earlier studies. As discussed in other sections, this can be accomplished by release of soluble paracrine factors and by shedding of bioactive micro-particles by activated platelets. Several examples cited earlier emphasize that platelet microparticles have the potential to mediate diverse physiological and pathophysiological events both within and outside of vessels (37, 57, 140, 179, 234, 249, 361, 391, 414) . The ability of platelet microparticles to deliver signals to extravascular cells and drive inflammation in extravascular compartments was demonstrated in lymph nodes (414) and in experimental arthritis (37) , but may also extend to the lung. For example, GP VI-mediated shedding of microparticles by platelets adhering to exposed collagen, as occurs in inflamed joints in mice (37) , might occur in inflamed or injured lungs and result in microparticle delivery to alveoli.
In addition to the possibility that platelet microparticles or soluble paracrine factors from platelets gain access to the alveolar space, recent studies indicate a third mechanism by which platelets may act in extravascular compartments in the lung: as previously noted, apparently intact platelets, alone or adherent to leukocytes, were found in the alveoli of animals with inflamed or infected lungs (38, 238, 330) (FIGURE 5) (see sect. III, F and G). Provocatively, the classic electron micrographs of the lungs of humans with ARDS by Bachofen and Weibel include an image showing a "thrombocyte" that appears to be extravasating from an alveolar vessel and another micrograph showing intra-alveolar thrombocytes in the lung of a patient who developed ARDS after multiple trauma and shock (18) . Extravasation of platelets was also reported in early studies of bronchial biopsies of patients with asthma (193) and in inflamed airways in experimental and clinical samples (235, 344) . In addition, platelets were reported to be present in BAL samples from asthmatic subjects, and in BAL fluid from mice and rabbits in models of allergic lung inflammation (293, 346) . Furthermore, platelets were found in inflamed synovial fluid from human subjects in limited clinical reports (453, 481) . Several studies report that platelets can migrate in vitro and exit vessels in vivo in experimental models (84, 123, 230, 344) . Although active entry of platelets into inflammatory exudates has also been questioned based on experimental modeling (39) , together these observations suggest that intact activated platelets can exit vessels in inflamed alveoli, airways, and other tissues under some conditions. In addition, they may be translocated to extravascular compartments of the lung while associated with migrating leukocytes (238, 330) . The possibility that extravasated platelets can mediate intercellular signaling or carry out other activities in extravascular compartments of the lungs is provocative, although the functional state of extravascular platelets has not been examined to date. This issue should yield interesting observations in the future. It is also unknown if platelets in inflamed alveoli or at other extravascular sites can reenter the circulation, as has been reported for neutrophils (76) .
Among the most significant facets of the newly recognized biology of platelets are the importance of platelet genomics (53) , and the size and diversity of the platelet transcriptome (373, 388) . Features of the platelet transcriptome and its influence on dynamic changes in the proteome of activated platelets were profiled in section IIID dealing with signaldependent translation of mRNAs. That discussion does not comprehensively detail the unexpected extent and complexity of the platelet transcriptome as revealed by RNA-seq and other approaches (372, 373, 388) , however. Of note, there are differences, in addition to similarities, in the mouse and human platelet transcriptomes (372) .
Functional information is emerging rapidly in parallel with charting of the platelet transcriptome. Ongoing analysis of platelet mRNA expression profiles provides insight into the basis for differences in platelet reactivity and function between individuals (53, 388) . In a recent study that serves as an example, differences in expression levels of an mRNA, phosphatidylcholine transfer protein (PCTP), and a regulatory microRNA, miR-376c, were found to influence PAR4mediated platelet reactivity in subjects of different races (107) . Platelets express an unexpectedly rich library of mi-croRNAs (355) , providing the basis for precise and intricate posttranscriptional fine-tuning of their phenotype and function. As noted earlier, platelets can mediate microRNA and mRNA transfer to leukocytes and endothelial cells in vitro (see sect. IIIE), suggesting that they may influence gene expression in interacting nucleated cells in a transcellular fashion. It is also possible that platelets internalize transcripts originally generated by other cell types. Platelet mRNAs and microRNAs are biomarkers, and there is evolving evidence that their profiles change in thrombotic and inflammatory diseases and that these patterns establish molecular signatures for specific disorders and syndromes (388) . An obvious, but critical, point is that megakaryocytes exert dominant influences on the transcriptome profiles of circulating platelets. Human megakaryocytes differentially transfer mRNAs that encode specific proteins to platelets under basal conditions (63) . These patterns change based on genetic and environmental variables, including molecular cues generated in thrombosis, inflammation, and infection (388, 453) . The extent, nature, and plasticity of the platelet transcriptome and its impact on the biology of platelets and other cells in specific lung syndromes and models of lung disease are only beginning to be explored.
V. PLATELETS IN INFLAMMATORY LUNG SYNDROMES
Platelets are markers and effectors in a variety of inflammatory diseases and syndromes. This spectrum extends from diabetes and other metabolic disorders with inflammatory and thrombotic components to infectious and sterile vasculopathies (369, 409, 453) . We have cited observations and reports relevant to pathological lung inflammation and pulmonary immune diseases throughout this review. Here, we focus on a limited group of lung disorders chosen because they illustrate specific aspects of platelet involvement.
There is evidence that platelets are effector cells in ARDS (FIGURES 1A AND 3) and in less severe inflammatory alveolar involvement in conditions that precipitate this syndrome: sepsis, infectious pneumonia, aspiration, severe trauma, and other triggers (277) . Platelets accumulate and are sequestered in the lungs of patients with conditions that predispose to ARDS (18, 41, 162, 386) , as they do in experimental animals with inflammatory ALI (163, 330) (FIG-URE 5 ). Experimental and clinical observations implicate platelets as effectors of diffuse alveolar damage, a pathological constellation that defines the early "exudative" stage of ARDS (18, 278, 289, 440) . Animal models intended to mimic inflammatory ALI and ARDS dramatically illustrate the Janus-faced effects of platelets on pulmonary endothelial barrier function and integrity (FIGURE 4) . Multiple experimental observations, many involving platelet interactions with myeloid leukocytes and endothelial cells, demonstrate that platelets mediate increased alveolar-capillary permeability and accumulation of protein-rich alveolar edema fluid in such models; in parallel, experimental thrombocytopenia precipitates alveolar hemorrhage in lung inflammation induced by LPS or live bacteria (reviewed in sect. IIIA). In aggregate, these experimental studies indicate that alterations in platelet number or function can contribute to two key features of diffuse alveolar damage in ARDS: alveolar-capillary leak and alveolar hemorrhage (18, 277, 278, 289, 440) . It is not yet known precisely how these experimental findings apply to clinical ARDS (FIGURE 3) . Similarly, platelets facilitate accumulation of myeloid leukocytes in the alveoli and neutrophil-mediated alveolarcapillary membrane injury in specific animal models (see sect. IIIF) (FIGURE 5 AND 7A), and thus may contribute to these features of diffuse alveolar damage in the lungs of patients with ARDS (277, 278) . Platelet-triggered NET formation may be an important mechanism of neutrophil-mediated alveolar injury, although it should be remembered that other host factors, in addition to pathogens, can also induce NET deployment (FIGURE 8). Platelets have multiple activities that can catalyze deposition of intravascular fibrin or formation of organized thrombi (FIGURE 1A) in the lungs of patients with ARDS (see sect. II). Platelet-induced NET formation may also be involved in this process (see below). Therefore, activated platelets have key effector function that can initiate or amplify critical events in diffuse alveolar damage and the pathogenesis and inflammatory injury of ARDS (277, 278) : increased alveolar-capillary permeability and alveolar flooding with protein-rich edema fluid, alveolar hemorrhage, dysregulated accumulation and activation of myeloid leukocytes, pulmonary microvascular deposition of fibrin, and pulmonary vascular thrombosis. Furthermore, experimental ALI is a setting in which platelets are reported to gain access to the extravascular space (see sect. IV). If this occurs in clinical ARDS, platelets in the alveoli could drive multiple pathways of alveolar inflammation, epithelial injury, and fibrin deposition and might contribute to the formation of hyaline membranes, another key path-ological feature of diffuse alveolar damage (289, 440) . The presence of platelet degranulation markers in BAL samples from patients with ARDS (75, 186) suggest the possibility that platelets might also have been present at some point, and that these factors may not have been exclusively delivered in paracrine fashion.
In addition to initiating or driving the progression of diffuse alveolar damage, platelets may contribute to complications of supportive care of patients at risk or with established ARDS. Experimental models of VILI demonstrate injurious activities of platelets (370, 484) . Key mechanisms included platelet signaling of neutrophils and aberrant platelet-induced changes in endothelial cells in these experiments. VILI triggers NET formation in mice, although the contribution of NETs to alveolar damage depends on the model (370, 483) . As noted previously, it is not known how observations in mouse models apply to clinical intensive care. In contrast to VILI, two studies suggest that platelets are not effector cells in pulmonary oxygen toxicity. Thrombocytopenia induced by anti-platelet antibody treatment or genetic deficiency of the thrombopoietin receptor did not protect mice from alveolar injury induced by hyperoxia, although platelets were deposited in the lungs under hyperoxic conditions (21, 257) . Platelets contribute to transfusion immunodulation (36) and to the complications of transfusion therapy, as touched on in our earlier discussion of TRALI (62, 257, 283) . Pathogen reduction technologies and other features of platelet storage may alter their complex biologic functions (FIGURE 2) in ways yet to be fully defined (387) .
"Anti-platelet" therapy for prevention or treatment of ARDS has been proposed (225, 277) . Aspirin was beneficial in shortterm animal models including experimental TRALI, acid-induced ALI, LPS-induced ALI, and ischemia-reperfusion lung injury (108, 257, 330, 382, 441) , and a P2Y l2 receptor antagonist reduced lung injury in murine CLP-induced sepsis (358) . Prehospitalization or preinjury anti-platelet therapy was associated with reduced incidence of acute lung injury in several, but not all, observational clinical studies (118, 157, 224, 325) .
In prospectively identified patients with ARDS defined by consensus criteria, pre-or in-hospital administration of aspirin was associated with reduced ICU mortality (45) . These observations suggest that anti-platelet agents may be beneficial in this syndrome. Additional clinical studies are in progress. A caveat is that drug-induced alterations in platelet function can potentially induce alveolar hemorrhage or worsen leak of water and protein, in addition to interrupting injurious proinflammatory activities (see sect. IIIA) (FIGURES 3 AND 4). Thus iatrogenic platelet dysfunction resulting from administration of anti-platelet agents could worsen key pathophysiological features of ARDS. As a further issue, inhibition of platelet, or megakaryocyte, functions by anti-platelet drugs could interrupt lung repair pathways (468) . These issues await future preclinical and clinical investigation.
Platelets are implicated in chronic and intermittent inflammatory lung syndromes, in addition to the acute alveolar injury of ARDS (453) . Some of these disorders include chronic obstructive pulmonary disease (COPD), cystic fibrosis (CF), AERD, and asthma. Thrombocytosis was associated with increased mortality in COPD in one study, and a role for anti-platelet therapy was raised (158) . Platelets in blood samples from patients with CF were found to be hyperresponsive to agonists, and there were increased numbers of platelet-leukocyte aggregates (NPA, MPA) in venous blood from CF patients (326) . These observations, and a number of earlier reports, suggest that platelets contribute to disregulated lung inflammation in CF and that anti-platelet drugs should be evaluated in therapeutic strategies for this disorder (327) . There is also evidence for platelets as inflammatory effector cells in AERD. As previously noted, platelets were found in nasal polyps from patients with this syndrome. Platelet-leukocyte aggregates form in the blood in AERD and mediate transcellular leukotriene synthesis that may drive respiratory inflammation (235) (see sect. IIIF).
Clinical and experimental studies indicate that platelets contribute to key features of the pathophysiology of asthma, including airway hyperresponsiveness, bronchoconstriction, airway inflammation, and airway remodeling (226) . Increased numbers of platelet-leukocyte aggregates and other indexes of platelet activation in the blood were detected in studies of patients during asthma attacks or after allergen challenge (91, 148, 229, 293) . Platelet-leukocyte aggregates increased in the blood of patients with allergic asthma during late responses to allergen challenge, and also in the blood of sensitized mice in an allergen exposure model (347) . Platelet depletion reduced infiltration of leukocytes into the airways of mice after allergen challenge, and adoptive transfer of platelets from allergic mice restored leukocyte accumulation in the airways (347) . A variety of additional in vitro and in vivo experiments support the conclusion that platelets facilitate recruitment of eosinophils, lymphocytes, and neutrophils in allergic airway inflammation and provide evidence that platelet P-selectin is critical in these platelet-leukocyte interactions (91, 226, 263, 345) .
In additional observations including analysis of cells from asthmatic subjects, activated platelets were thought to facilitate inside-out signaling of ␤ 1 -integrins on eosinophils via a P-selectin-dependent mechanism and to mediate rapid translocation of platelet-eosinophil aggregates into the lungs (198, 199) . In a flow model, platelet P-selectin contributed to enhanced aggregation and adhesion of eosinophils from asthmatic subjects to cultured human endothelial cells (445) . Fc receptors that recognize IgE were central in platelet responses in experimental allergic airway inflammation (344) and appear to be important in responses of platelets from patients with allergic asthma (91) . Platelets were required for airway remodeling in chronic allergic in-flammation in mice and were thought to have activities independent of leukocyte recruitment (346) .
The observations profiled here and in other reviews (91, 226) provide substantial evidence that platelets are key effector cells in allergic airway inflammation, asthma, and allergic rhinitis. New links between asthma and hemostasis (91, 298) that may involve critical activities of platelets are emerging. The possibility that platelets influence pathological lymphangiogenesis in chronically inflamed airways was outlined earlier (see sect. III A).
Pulmonary embolism is a common and often deadly clinical event that is precipitated by deep vein thrombosis (430) . Traditionally, pathological activation of coagulation proteins or alterations in their levels in blood have been considered to be the primary determinants of risk for venous thromboembolism (VTE) (451) . A newer concept is that inflammation and platelet activation are also critical, raising the possibility that anti-platelet therapies that interrupt platelet inflammatory effector activities (223, 295) may be useful in addition to traditional standard treatment focused on inhibiting hemostatic proteins (451) . Experimental models of venous thrombosis demonstrate that platelets, neutrophils, and monocytes interact on injured or activated endothelium, generating tissue factor, which drives pathological hemostasis, and cytokines (455) . Clots may be reservoirs for IL-1␤ (FIGURE 1B) (58, 249) and other cytokines that induce and amplify venous inflammation and thrombosis (458) . Formation of NETs, potentially triggered by activated platelets or cytokine stimulation (FIG-URE 8) , is a newly recognized feature of clotting that may be a key mechanism in pathological thrombosis (381, 455) . Activation of human platelets by extracellular histones, which involves recognition by platelet TLR2 and TLR4, induces a procoagulant phenotype (394) . This may reciprocally drive thrombosis when NETs are generated in clots. Thus venous thrombosis is an example of the complex linkage of inflammation and hemostasis (119, 353, 389) that was conceptually introduced at the beginning of this review, and further illustrates that platelets are central effectors that link inflammation and thrombosis. If clots that are formed in venous thrombosis embolize to the lungs, as is frequent (430), platelets may also influence biologic outcomes in the pulmonary vessels. Platelets were reported to retard resolution of pulmonary microemboli in a rodent model (308) , although the mechanism for this aberrant activity was not determined.
In clinical studies, activated platelets, platelet microparticles, and platelet-leukocyte aggregates have been found in the blood of patients with VTE (69, 187) and in sepsis (366, 369) , which is a risk factor for VTE (209) . A single nucleotide polymorphism in GP6, which encodes platelet GPVI, was identified as a gene variant strongly associated with venous thrombosis (31) . As outlined earlier in this review, GPVI has hemostatic, inflammatory, and immunomodulatory functions and is unique to platelets. Additional studies may reveal new mechanisms by which GPVI, or other platelet receptors and signaling pathways (TABLE 1), drive linked inflammation and hemostasis in the pathogenesis of venous thrombosis and its pulmonary complications.
These three examples (ARDS, asthma and inflammatory airway disease, and VTE) demonstrate that platelets have diverse activities in experimental and clinical inflammatory and immune lung syndromes. They also illustrate the potential for platelets to influence pathological inflammatory processes at the alveolar-capillary membrane, in the tracheobronchial tree, and in lung vessels and demonstrate that platelets are active in acute, subacute, and chronic disorders. Thus contributions of platelets in clinical lung inflammation are not restricted to a particular anatomic region or to a specific time interval. Platelets are also likely to have complex activities in many other inflammatory lung diseases besides those profiled in this section, and in inflammatory aspects of lung neoplasia (468) . For most of these syndromes, the involvement of platelets has been only superficially examined or is totally unplumbed, however, and will require future inquiry.
